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Direct discovery announcement: 1956

Direct discovery announcement: 1962

Direct discovery announcement: 2000 DONUT

Lederman, Schwartz, Steinberger

Cowan and Reines



Sources

• Beta decay:

• Fusion in stars:

• Pion and Kaon decay:
• Muon decay: 

Reactor neutrinos, solar neutrinos, Earth neutrinos, atmospheric neutrinos, 
short baseline and long baseline neutrinos    
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Fig. 2. Signal and background topologies in NOMAD: a) NC background; b) ντ CC
signal with subsequent τ decay; c) νµ(νe) CC background. The square indicates the
reconstructed “primary” vertex for ντ CC interactions. The effect of the τV selection
on νµ(νe) CC topologies is discussed in Sections 5.3 and 5.4.

4 Analysis principles

From the kinematical point of view, ντ CC events in NOMAD are fully char-
acterized by the (undetected) decay of the primary τ . The presence of visible
secondary τ decay products, τV , distinguishes them from NC interactions,
whereas the emission of one(two) neutrino(s) in hadronic(leptonic) τ decays
provides discrimination against νµ (νe ) CC interactions (Figure 2). Conse-
quently, in ντ CC events the transverse component of the total visible mo-
mentum and the variables describing the visible decay products have different
absolute values and different correlations with the remaining hadronic system,
H , than in νµ (νe ) CC and NC interactions. The optimal separation between
signal and background is achieved when all the degrees of freedom of the event
kinematics (and their correlations) are exploited.

A rejection power against backgrounds of O(105) is required from the kine-
matic analysis in order to match the data sample size (Section 3). In addition,
the potential ντ signal allowed by limits from previous experiments [20,21]
is at least by a factor of 0.0025 times smaller than the main νµ CC com-
ponent. Therefore, the ντ appearance search in NOMAD is a search for rare
events within large background samples. This imposes severe constraints on
the analysis techniques. In order to obtain reliable background estimates we
have developed methods to correct Monte Carlo (MC) predictions with exper-
imental data and we have defined appropriate control samples to check our
predictions.

This paper describes a new search for ντ CC interactions in the hadronic τ
decay channels h−(nπ0)ντ and h−h+h− (nπ0)ντ , for a total branching ratio
of 64.7% [25]. The analysis focuses on DIS events, defined by a cut on the total
hadronic momentum recoiling against the visible τ decay product(s), pH > 1.5
GeV/c.

Neutrino interactions in the active target are selected by requiring the presence
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Higher energy detectors
POEMMA Angela V. Olinto

1. POEMMA Extreme Multi-Messenger Science

Figure 1: POEMMA observing modes. Stereo fluorescence mode around the nadir on the left. On the right:
Cherenkov mode from above (UHECRs) and below (cosmic tau neutrinos) the limb of the Earth.

The main scientific goals of POEMMA are to discover the elusive sources of cosmic rays
with energies above 1018 eV (⌘ 1 EeV) and to observe cosmic neutrinos from multi-messenger
transients with energies above 20 PeV. POEMMA exploits the tremendous gains in both ultra-high
energy cosmic ray (UHECR) and cosmic neutrino exposures offered by space-based measurements,
including the full-sky coverage of the celestial sphere. For cosmic rays with energies E & 20 EeV,
POEMMA will enable charged-particle astronomy by obtaining conclusive measurements of the
UHECR spectrum, composition, and source location. For multi-messenger transients, POEMMA
will follow-up targets of opportunity transients to detect the first cosmic neutrino emission with
energies En & 20 PeV. POEMMA also has sensitivity to neutrinos with energies above 20 EeV
through fluorescence observations of neutrino induced EASs. Supplementary science capabilities
of POEMMA include probes of physics beyond the Standard Model of particle physics, the mea-
surement of pp cross-section at 238 TeV center-of-mass energy, the study of atmospheric transient
luminous events (TLEs), and the search for meteors and nuclearites. (See [1, 2, 3, 4, 5] for more
details.)

The POEMMA can achieve this significant increase in sensitivity by operating two obser-
vatories (described in Fig. 2 and Table I) with very wide field of view in different orientation
modes: a stereo fluorescence configuration close to the nadir for more precise UHECR observations
and a tilted, Earth-limb viewing Cherenkov configuration for target of opportunity (ToO) neutrino
searches (see Fig. 1). In limb observing mode, POEMMA can simultaneously search for neutrinos
and UHECRs with Cherenkov observations, while observing UHECRs with fluorescence, thanks
to the POEMMA focal surface hybrid design.

POEMMA’s fluorescence observations will yield one order of magnitude increase in yearly
UHECR exposure compared to ground observatory arrays and two orders of magnitude compared
to ground fluorescence telescopes. In the Cherenkov limb-viewing mode, POEMMA searches for
optical Cherenkov signals of upward-moving EASs generated by t-lepton decays produced by nt

1
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FIG. 3. Allowed flavor ratios at Earth for di↵erent choices of
source ratios, assuming standard mixing. Projected 1�, 2�,
and 3� exclusion curves from IceCube-Gen2 are included for
comparison (gray, dotted); see main text.

shrink when the mixing parameters are better known). A
source composition of (1 : 0 : 0)S is already disfavored at
& 2�. While the current IceCube fit is compatible with
the standard

�
1
3 : 1

3 : 1
3

�
� at 1�, the best-fit point cannot

be reached within the Standard Model.

An upgrade of IceCube would have excellent discrim-
ination power, as indicated by the projected sensitivity
curves we estimate for IceCube-Gen2 and show in Fig. 3.
We reduced the IceCube uncertainties by a factor 5, cor-
responding to an exposure increased by a factor ⇠ 25
(⇠ 6 times larger e↵ective area [40] and twelve years
instead of three). The true sensitivity might be worse
(due to sparser instrumentation) or better (due to new
techniques or to the discovery of flavor-identifying sig-
nals [43, 44, 46, 48, 51, 66–74]). To be conservative,
we assumed the best fit will correspond to the most-
frequently considered composition, ( 13 : 1

3 : 1
3 )�, for

which it will be most di�cult to test for new physics.

Flavor ratios with new physics.— New physics
can modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will a↵ect the flavor composition that reaches the detec-
tor; this is our focus. In the last case —which includes,
e.g., non-standard interactions [75] and renormalization
group running of the mixing parameters [76]— we as-
sume that new physics, possibly energy-dependent, can
be separated by probing the interaction length in Earth
via the angular dependence of the neutrino flux [77–80].

In extreme scenarios, there could be only one mass
eigenstate present at detection, and the flavor composi-
tion would correspond to that of one eigenstate. This

FIG. 4. Allowed flavor ratios at Earth in a general class of
new-physics models. These produce linear combinations of
the flavor content of ⌫3, ⌫2, and ⌫1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3� region
from Fig. 2 is shown as a magenta (dotted) curve.

could happen if all but one mass eigenstate completely
decays or if matter-a↵ected mixing at the source singles
out a specific one for emission.

Figure 4 shows the allowed region if we restrict our-
selves to a general class of new-physics models —those in
which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of mod-
els that can access the area outside this region). The
↵-flavor content of an allowed point is computed as
k1 |U↵1|2 + k2 |U↵2|2 + k3 |U↵3|2, where the ki are varied
under the constraint k1+k2+k3 = 1 and the values of the
mixing parameters are fixed. To generate the complete
region, we repeat the procedure by varying the mixing
parameters within their uncertainties.

For a particular new-physics model, the functional
forms and values of the ki are determined by its param-
eters. The most dramatic examples include all variants
of neutrino decay among mass eigenstates, both partial
and complete [25, 81–84], and secret neutrino interac-
tions [85–91]; the ki in these cases depend on neutrino
lifetimes and new coupling constants, respectively. Other
examples are pseudo-Dirac neutrinos [92–94] and deco-
herence on the Planck-scale structure of spacetime [95–
101].

Even with this general class of new-physics models,
only about 25% of the flavor triangle can be accessed.
The current IceCube best fit cannot be reached even by
invoking this class of physics models. IceCube-Gen2 will
be needed to strongly constrain such new-physics models.

Interestingly, there is more than one way in which

Bustamante, Beacom and Winter, PRL 115 (2015) 161302
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COUPLING TO ULTRALIGHT DM

• Phenomenology of  neutrinos coupled to ultralight dark matter

• Our model

• Phenomenological consequences

• Conclusions



Lower bounds on dark matter mass

• Standard thermal production:

• Gunn-Tremaine bound on fermionic dark matter: 

• Lower bound on bosonic dark matter:   



Fuzzy dark matter
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Classical limit

Real scalar:

Complex scalar:
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Neutrino oscillations as a probe of  light scalar 
dark matter
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Bounds from time modulation of  solar 
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Time varying effects
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Effective Lagrangian
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Effective dark matter mass

Irrelevant for low energy neutrinos



Local DM density

⇢DM |outside halo ⇠ 10�5⇢DM |inside halo
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• In a halo,

Effective mass (energy) eigenstates              flavor eigenstate 

�m2
31/(E⌫),�m2

21/(E⌫) ⌧ V↵ � V�
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No Oscillation



Adiabaticity condition

<



Result

If  the source and detector are both located in dark matter halo, the original 
flavor ratios are maintained

⇢DM |outside halo ⇠ 10�5⇢DM |inside halo
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Will low energy neutrinos be affected, too?

• No effect for solar, atmospheric, supernova core collapse or terrestrial
neutrinos

�m2
31/E⌫ ,�m2

21/E⌫ � V↵ � V�
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Underlying model

Anomaly cancelation

L↵ � L� gauge symmetry
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boson, the interaction can be written as the following dimension six operator:

ig↵

⇤2
(�†

@µ�� �@µ�
⇤)(⌫̄↵�

µ
⌫↵). (4)

Such an interaction will act as an e↵ective mass of form

V↵⌫
†
↵⌫↵ with V↵ =

⇢DM

mDM

g↵

⇤2
. (5)

The density of the Dark Matter (DM) in the DM halos can be 105 � 106 times the average DM

density in the universe. Consider a neutrino with an energy of E⌫ being produced in a source

inside the DM halo of a galaxy and detected by a detector in the solar system which is of course

again immersed in the DM halo. Both at the position of the source and at that of the detector,

V↵ can be much larger than �M
2
/(2E⌫) which implies that at the source and at the detector, the

flavor eigenstates and the e↵ective mass (energy) eigenstates coincide. Considering that the DM

distribution is smooth, the transition will be adiabatic, implying that the flavor of the neutrinos

will not change in propagation from the source to the detector. Details are elaborated in Ref. [4]

so will not be repeated here. The bottom line is that the flavor ratio F⌫e : F⌫µ : F⌫⌧ = (1, 2, 0)

will be maintained up to the detector and unlike the SM prediction, ⌫⌧ will not be produced via

oscillation. Discovery of the ⌫⌧ events by ICECUBE confirms the SM picture up to energies of a

few PeV so

g↵

⇤2

⇢DM

mDM
⌧ �m

2
31

2E⌫
⇠ 10�18

eV. (6)

Taking (g↵/⇤2)(⇢DM/mDM ) ⇠ 10�19
eV, the cosmic neutrinos with energies lower than 10 PeV

detected so far by ICECUBE will not be a↵ected but higher energy neutrinos, which can be detected

by the next generation telescopes such as GRAND [8] or POEMMA [30], can be a↵ected. In the

following, we discuss di↵erent possible sources and the strategies to unravel the secrets of DM by

studying the messengers from them.

A guaranteed example for EeV neutrinos is the GZK or cosmogenic neutrinos produced by the

scattering of the cosmic ray o↵ photons of the CMB. Considering that the CMB is distributed

uniformly all over the universe without clustering in any halo, the mean free path of protons with

energy exceeding 5⇥ 1019 eV is 6 Mpc [31] which is larger than the halo size. That is even if the

cosmic ray originates in a halo with large ⇢DM , the production of the neutrinos will take place

outside the halo where ⇢DM is smaller than ⇠ 10�5 times ⇢DM in the halo. Combining this with the

recent bound from observation of the tau neutrino events (i.e., Eq. 6), we conclude that the dark

matter e↵ects for the oscillation of the GZK neutrino are suppressed until they reach the Milky
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Y.F., “On the flavor of  the cosmic neutrino flavor,” JHEP 07 (2021) 174, arXiv:2105.03272

No effect for PeV neutrinos
Significant effect for  EeV

E⌫ ⇠ PeV
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This paper is organized as follows. In sect. II, the possibility of ⌫⌧ production as a sub-dominant

component in cosmic neutrino sources is briefly discussed. In sect. III, the 3+1 scheme as a solution

for the ANITA anomaly is revisited and the predictions for the successor of ANITA are discussed.

In sect. IV, a bound from recent ⌫⌧ observation by ICECUBE on the coupling of neutrinos to

ultralight DM is derived. The implications for cosmogenic neutrinos and for other possible EeV

neutrinos are also discussed. In sect. V, we show that the coupling of neutrino to ultralight DM

can relax the bounds on the 3+1 scheme. Conclusions are reviewed in sect. VI.

II. ⌫⌧ PRODUCTION AT THE SOURCE

The high energy neutrinos can be produced by the scattering of accelerated high energy protons

o↵ either the protons in the source or o↵ a photon gas. In the case of cosmogenic neutrinos,

the scattering is o↵ the ambient CMB photons. In the majority of the models for the neutrino

production in the Tidal Disruption Events (TDE) [16] (see also, [17, 18]), in GRBs [19] and in

the AGNs [20, 21], the scattering of the energetic protons takes place o↵ a distribution of photons

rather than o↵ protons. However, models for neutrinos from proton proton scattering in the blazars

exist [22, 23]. Indeed, it seems the proton proton scattering explains the absence of a significant

electromagnetic activity during the so-called “historic neutrino flare” observed in the direction of

blazar TXS 0506+056 during October 2014 to March 2015 [24]. It is quite conceivable that for

various source and even during di↵erent periods of activity, either pp or p� scattering dominates.

A systematic evaluation of the e�ciency of the di↵erent possibilities at the source can be found in

[25]. In the following, we discuss the production of ⌫⌧ at the source for both of these mechanisms.

The production of neutrinos from the scattering of protons o↵ photons becomes e�cient when

the center of mass energy of the proton photon system is equal to the � mass (1.2 GeV) leading

to p
+ + � ! �+ ! n + ⇡

+. This means E�Ep(1 + cos ✓) = (m2
� �m

2
p)/2 = 0.28 GeV2 where ✓

is the angle between the momenta of the proton and photon. The neutrinos from the resonance �

production are only ⌫µ, ⌫e and ⌫̄e. To produce ⌫⌧ , the c quarks have to be produced. The process

must conserve the baryon number. Moreover, the strong and electromagnetic interactions respect c-

number conservation so c and c̄ should be produced in pairs. Thus, the lightest possible final states

are ⇤+
c D

0. If the photons are thermally distributed with a temperature of T ⇠ (m2
� �m

2
p)/(2Ep),

the rate of p+� ! D
0+⇤+

c will be suppressed by Bolzmann factor of exp[�E�/T ] ⇠ exp[�[(mD0+

m⇤+
c
)2 � m

2
p)/(m

2
� � m

2
p)] ⇠ 10�13 ⌧ 1, making the ⌫⌧ production completely negligible. The

(F⌫e : F⌫µ : F⌫⌧ ) = (1 : 2 : 0)
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Mean free path: R. Ruffini, G. V. Vereshchagin and S. S. Xue, Astrophys. Space Sci. 
361 (2016)

6 Mpc

Even in presence of  DM

(F⌫e : F⌫µ : F⌫⌧ ) = (1 : 2 : 0)
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GRAND collaboration,
PoS ICRC2017 (2018) 996
1708.05128

GRAND will see only tau neutrino

ARA and ARIANNA will see all types of  neutrinos



Possiblities:

GRAND does not observe neutrino flux

But ARA and ARIANNA do

Hint for our scenario with 

10

boson, the interaction can be written as the following dimension six operator:

ig↵

⇤2
(�†

@µ�� �@µ�
⇤)(⌫̄↵�

µ
⌫↵). (4)

Such an interaction will act as an e↵ective mass of form

V↵⌫
†
↵⌫↵ with V↵ =

⇢DM

mDM

g↵

⇤2
. (5)

The density of the Dark Matter (DM) in the DM halos can be 105 � 106 times the average DM

density in the universe. Consider a neutrino with an energy of E⌫ being produced in a source

inside the DM halo of a galaxy and detected by a detector in the solar system which is of course

again immersed in the DM halo. Both at the position of the source and at that of the detector,

V↵ can be much larger than �M
2
/(2E⌫) which implies that at the source and at the detector, the

flavor eigenstates and the e↵ective mass (energy) eigenstates coincide. Considering that the DM

distribution is smooth, the transition will be adiabatic, implying that the flavor of the neutrinos

will not change in propagation from the source to the detector. Details are elaborated in Ref. [4]

so will not be repeated here. The bottom line is that the flavor ratio F⌫e : F⌫µ : F⌫⌧ = (1, 2, 0)

will be maintained up to the detector and unlike the SM prediction, ⌫⌧ will not be produced via

oscillation. Discovery of the ⌫⌧ events by ICECUBE confirms the SM picture up to energies of a

few PeV so

g↵

⇤2

⇢DM

mDM
⌧ �m

2
31

2E⌫
⇠ 10�18

eV. (6)

Taking (g↵/⇤2)(⇢DM/mDM ) ⇠ 10�19
eV, the cosmic neutrinos with energies lower than 10 PeV

detected so far by ICECUBE will not be a↵ected but higher energy neutrinos, which can be detected

by the next generation telescopes such as GRAND [8] or POEMMA [30], can be a↵ected. In the

following, we discuss di↵erent possible sources and the strategies to unravel the secrets of DM by

studying the messengers from them.

A guaranteed example for EeV neutrinos is the GZK or cosmogenic neutrinos produced by the

scattering of the cosmic ray o↵ photons of the CMB. Considering that the CMB is distributed

uniformly all over the universe without clustering in any halo, the mean free path of protons with

energy exceeding 5⇥ 1019 eV is 6 Mpc [31] which is larger than the halo size. That is even if the

cosmic ray originates in a halo with large ⇢DM , the production of the neutrinos will take place

outside the halo where ⇢DM is smaller than ⇠ 10�5 times ⇢DM in the halo. Combining this with the

recent bound from observation of the tau neutrino events (i.e., Eq. 6), we conclude that the dark

matter e↵ects for the oscillation of the GZK neutrino are suppressed until they reach the Milky

No cosmogenic (origin is within halo)



Second scenario



3+1 scenario
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FIG. 22. The 95% CL regions of sterile neutrino parameters that will be excluded by FASER
assuming di↵erent normalization uncertainties. The regions to the right of the black dotted lines
are already excluded by previous experiments [140–142]. The yellow shaded region in the upper
left panel is the preferred region for the Gallium anomaly in the ⌫e disappearance channel [143],
and the blue shaded region in the lower center panel is the region preferred by MiniBooNE in the
⌫µ ! ⌫e appearance channel [144].

decay lengths of c⌧�� ⇠ 1 m. Such searches are particularly interesting if the LLP is
also produced in neutrino (or alternatively dark matter) interactions, leading to a neutral
vertex in FASER⌫. An example of such a model, which could also explain the MiniBooNE
anomaly [144], has been discussed in Ref. [157] and consists of both a heavy neutral lepton
and a dark photon with a lifetime that is appropriate for FASER⌫.

VIII. CONCLUSION AND OUTLOOK

At present, no neutrino produced at a particle collider has ever been detected, despite
the fact that colliders are copious sources of neutrinos. For example, in Run 3 of the 14
TeV LHC from 2021-23, roughly 1011 electron neutrinos, 1012 muon neutrinos, and 109 tau
neutrinos, along with comparable numbers of anti-neutrinos, will be produced in the far-
forward region of the ATLAS IP. These neutrinos will have TeV-scale energies, the highest
man-made energies currently available, and detection of these neutrinos will extend the
LHC’s physics program in a new direction, opening up a new source of neutrinos to detailed
study.

In this paper we have shown that FASER⌫, a proposed small and inexpensive subdetector
of FASER, will be able to detect the first collider neutrinos and usher in a new era of neutrino
physics at colliders. FASER⌫ is a 25 cm⇥25 cm⇥1.35 m emulsion detector consisting of 1000
layers of emulsion films interleaved with 1-mm-thick tungsten plates, with a total tungsten
target mass of 1.2 tons. Despite its modest size, by virtue of its location along the beam
collision axis 480 m downstream from ATLAS, 1300 ⌫e, 20,000 ⌫µ, and 20 ⌫⌧ will interact in

39
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PLB 570 (2003) 19; Dentler et al., JHEP 08 
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ANITA

ANtarctic Impulse Transient Antenna (ANITA)

Radio detectors

Flying over an altitude of  37 km



Two anomalous events

• A

ANITA collaboration,
PRL 121 (2018), no 16, 161102

Extensive Air Shower
(EAS)

ANITA collaboration, PRL 117 (2017) 071101



Event characteristics

• Zenith angles:  

• Chord sizes:              5800 km            and       7300 km

• Energies                        



Mean free path for neutrino

• The mean free path in mantle for neutrinos of  energy of  EeV

500-800 km << chord size                     Neutrinos will be absorbed.

The probability of  neutrinos passing the Earth  is ~            .

Neutrino recreation

10�9
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<latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit>

See however, Cumming et al, arXiv:1910.00992



Bounds from AUGER and ICECUBE

ICECUBE collaboration, 
arXiv: 1908.08060

Transient source

See also, Safa, Pizzuto, Arguelles, Halzen,
Hussain, Kheirandish, Vandenbroucke,
JCAP 01 (2020) 012
arXiv: 1909.10487 



• J. F. Cherry and I. M. Shoemaker, Phys. Rev. D 99 (2019) no.6 2

ANITA
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lsurf
<latexit sha1_base64="nrkpEDFwqVUVgF09imFWqvqkp3M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI8BLx48RDAPyC5hdjKbDJmZXeYhhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFWecaeP7315pY3Nre6e8W9nbPzg8qh6fdHRqFaFtkvJU9WKsKWeStg0znPYyRbGIOe3Gk9u5332iSrNUPpppRiOBR5IljGDjpJAP8lAJpK1KZoNqza/7C6B1EhSkBgVag+pXOEyJFVQawrHW/cDPTJRjZRjhdFYJraYZJhM8on1HJRZUR/ni5hm6cMoQJalyJQ1aqL8nciy0norYdQpsxnrVm4v/eX1rkpsoZzKzhkqyXJRYjkyK5gGgIVOUGD51BBPF3K2IjLHCxLiYKi6EYPXlddK5qgd+PXi4rjXvizjKcAbncAkBNKAJd9CCNhDI4Ble4c2z3ov37n0sW0teMXMKf+B9/gBE4pHa</latexit><latexit sha1_base64="nrkpEDFwqVUVgF09imFWqvqkp3M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI8BLx48RDAPyC5hdjKbDJmZXeYhhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFWecaeP7315pY3Nre6e8W9nbPzg8qh6fdHRqFaFtkvJU9WKsKWeStg0znPYyRbGIOe3Gk9u5332iSrNUPpppRiOBR5IljGDjpJAP8lAJpK1KZoNqza/7C6B1EhSkBgVag+pXOEyJFVQawrHW/cDPTJRjZRjhdFYJraYZJhM8on1HJRZUR/ni5hm6cMoQJalyJQ1aqL8nciy0norYdQpsxnrVm4v/eX1rkpsoZzKzhkqyXJRYjkyK5gGgIVOUGD51BBPF3K2IjLHCxLiYKi6EYPXlddK5qgd+PXi4rjXvizjKcAbncAkBNKAJd9CCNhDI4Ble4c2z3ov37n0sW0teMXMKf+B9/gBE4pHa</latexit><latexit sha1_base64="nrkpEDFwqVUVgF09imFWqvqkp3M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI8BLx48RDAPyC5hdjKbDJmZXeYhhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFWecaeP7315pY3Nre6e8W9nbPzg8qh6fdHRqFaFtkvJU9WKsKWeStg0znPYyRbGIOe3Gk9u5332iSrNUPpppRiOBR5IljGDjpJAP8lAJpK1KZoNqza/7C6B1EhSkBgVag+pXOEyJFVQawrHW/cDPTJRjZRjhdFYJraYZJhM8on1HJRZUR/ni5hm6cMoQJalyJQ1aqL8nciy0norYdQpsxnrVm4v/eX1rkpsoZzKzhkqyXJRYjkyK5gGgIVOUGD51BBPF3K2IjLHCxLiYKi6EYPXlddK5qgd+PXi4rjXvizjKcAbncAkBNKAJd9CCNhDI4Ble4c2z3ov37n0sW0teMXMKf+B9/gBE4pHa</latexit><latexit sha1_base64="nrkpEDFwqVUVgF09imFWqvqkp3M=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKEI8BLx48RDAPyC5hdjKbDJmZXeYhhCW/4cWDIl79GW/+jZNkD5pY0FBUddPdFWecaeP7315pY3Nre6e8W9nbPzg8qh6fdHRqFaFtkvJU9WKsKWeStg0znPYyRbGIOe3Gk9u5332iSrNUPpppRiOBR5IljGDjpJAP8lAJpK1KZoNqza/7C6B1EhSkBgVag+pXOEyJFVQawrHW/cDPTJRjZRjhdFYJraYZJhM8on1HJRZUR/ni5hm6cMoQJalyJQ1aqL8nciy0norYdQpsxnrVm4v/eX1rkpsoZzKzhkqyXJRYjkyK5gGgIVOUGD51BBPF3K2IjLHCxLiYKi6EYPXlddK5qgd+PXi4rjXvizjKcAbncAkBNKAJd9CCNhDI4Ble4c2z3ov37n0sW0teMXMKf+B9/gBE4pHa</latexit>

lANITA
<latexit sha1_base64="axtHkGlzOID4BrH6omaIOCXV994=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8tXhREKvQL2qVk02wbmmTXJFsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjczvzWmSrNI1s0kpr7AA8lCRrCxks97aVcJVH24q1envWLJLbtzoFXiZaQEGWq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlelD237D1elir3WRx5OIFTOAcPrqACt1CDBhB4gmd4hTdn7Lw4787HojXnZDPH8AfO5w/ubpGR</latexit><latexit sha1_base64="axtHkGlzOID4BrH6omaIOCXV994=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8tXhREKvQL2qVk02wbmmTXJFsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjczvzWmSrNI1s0kpr7AA8lCRrCxks97aVcJVH24q1envWLJLbtzoFXiZaQEGWq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlelD237D1elir3WRx5OIFTOAcPrqACt1CDBhB4gmd4hTdn7Lw4787HojXnZDPH8AfO5w/ubpGR</latexit><latexit sha1_base64="axtHkGlzOID4BrH6omaIOCXV994=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8tXhREKvQL2qVk02wbmmTXJFsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjczvzWmSrNI1s0kpr7AA8lCRrCxks97aVcJVH24q1envWLJLbtzoFXiZaQEGWq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlelD237D1elir3WRx5OIFTOAcPrqACt1CDBhB4gmd4hTdn7Lw4787HojXnZDPH8AfO5w/ubpGR</latexit><latexit sha1_base64="axtHkGlzOID4BrH6omaIOCXV994=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQY8tXhREKvQL2qVk02wbmmTXJFsoS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRjczvzWmSrNI1s0kpr7AA8lCRrCxks97aVcJVH24q1envWLJLbtzoFXiZaQEGWq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n86PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeO2nTMaJoZIsFoUJRyZCswRQnylKDJ9Ygoli9lZEhlhhYmxOBRuCt/zyKmlelD237D1elir3WRx5OIFTOAcPrqACt1CDBhB4gmd4hTdn7Lw4787HojXnZDPH8AfO5w/ubpGR</latexit>

lsh
<latexit sha1_base64="mntfeXYFKOWQzjFxGdK44nn6uGU=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJgY2ERwXxgcoS9zSRZsrt37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0oEN9b3v73C2vrG5lZxu7Szu7d/UD48apo41QwbLBaxbkfUoOAKG5Zbge1EI5WRwFY0vpn5rSfUhsfqwU4SDCUdKj7gjFonPYpe1tWSmNG0V674VX8OskqCnFQgR71X/ur2Y5ZKVJYJakwn8BMbZlRbzgROS93UYELZmA6x46iiEk2YzS+ekjOn9Mkg1q6UJXP190RGpTETGblOSe3ILHsz8T+vk9rBdZhxlaQWFVssGqSC2JjM3id9rpFZMXGEMs3drYSNqKbMupBKLoRg+eVV0ryoBn41uL+s1O7yOIpwAqdwDgFcQQ1uoQ4NYKDgGV7hzTPei/fufSxaC14+cwx/4H3+AJdZkOE=</latexit><latexit sha1_base64="mntfeXYFKOWQzjFxGdK44nn6uGU=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJgY2ERwXxgcoS9zSRZsrt37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0oEN9b3v73C2vrG5lZxu7Szu7d/UD48apo41QwbLBaxbkfUoOAKG5Zbge1EI5WRwFY0vpn5rSfUhsfqwU4SDCUdKj7gjFonPYpe1tWSmNG0V674VX8OskqCnFQgR71X/ur2Y5ZKVJYJakwn8BMbZlRbzgROS93UYELZmA6x46iiEk2YzS+ekjOn9Mkg1q6UJXP190RGpTETGblOSe3ILHsz8T+vk9rBdZhxlaQWFVssGqSC2JjM3id9rpFZMXGEMs3drYSNqKbMupBKLoRg+eVV0ryoBn41uL+s1O7yOIpwAqdwDgFcQQ1uoQ4NYKDgGV7hzTPei/fufSxaC14+cwx/4H3+AJdZkOE=</latexit><latexit sha1_base64="mntfeXYFKOWQzjFxGdK44nn6uGU=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJgY2ERwXxgcoS9zSRZsrt37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0oEN9b3v73C2vrG5lZxu7Szu7d/UD48apo41QwbLBaxbkfUoOAKG5Zbge1EI5WRwFY0vpn5rSfUhsfqwU4SDCUdKj7gjFonPYpe1tWSmNG0V674VX8OskqCnFQgR71X/ur2Y5ZKVJYJakwn8BMbZlRbzgROS93UYELZmA6x46iiEk2YzS+ekjOn9Mkg1q6UJXP190RGpTETGblOSe3ILHsz8T+vk9rBdZhxlaQWFVssGqSC2JjM3id9rpFZMXGEMs3drYSNqKbMupBKLoRg+eVV0ryoBn41uL+s1O7yOIpwAqdwDgFcQQ1uoQ4NYKDgGV7hzTPei/fufSxaC14+cwx/4H3+AJdZkOE=</latexit><latexit sha1_base64="mntfeXYFKOWQzjFxGdK44nn6uGU=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJgY2ERwXxgcoS9zSRZsrt37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0oEN9b3v73C2vrG5lZxu7Szu7d/UD48apo41QwbLBaxbkfUoOAKG5Zbge1EI5WRwFY0vpn5rSfUhsfqwU4SDCUdKj7gjFonPYpe1tWSmNG0V674VX8OskqCnFQgR71X/ur2Y5ZKVJYJakwn8BMbZlRbzgROS93UYELZmA6x46iiEk2YzS+ekjOn9Mkg1q6UJXP190RGpTETGblOSe3ILHsz8T+vk9rBdZhxlaQWFVssGqSC2JjM3id9rpFZMXGEMs3drYSNqKbMupBKLoRg+eVV0ryoBn41uL+s1O7yOIpwAqdwDgFcQQ1uoQ4NYKDgGV7hzTPei/fufSxaC14+cwx/4H3+AJdZkOE=</latexit>

✓obs
<latexit sha1_base64="FQwOnBUBB+lHlzGQa/axaIG6tYo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaEDbbTbt0dxN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8OBPcgOd9O5WNza3tnepubW//4PDIPT7pmDTXlLVpKlLdi4lhgivWBg6C9TLNiIwF68bj+7nfnTBteKqeYJqxUJKh4gmnBKwUuW4AIwYkKgItcRqbWeTWvYa3AF4nfknqqEQrcr+CQUpzyRRQQYzp+14GYUE0cCrYrBbkhmWEjsmQ9S1VRDITFovLZ/jCKgOcpNqWArxQf08URBozlbHtlARGZtWbi/95/RyS27DgKsuBKbpclOQCQ4rnMeAB14yCmFpCqOb2VkxHRBMKNqyaDcFffXmddK4avtfwH6/rzbsyjio6Q+foEvnoBjXRA2qhNqJogp7RK3pzCufFeXc+lq0Vp5w5RX/gfP4AuLmTsw==</latexit><latexit sha1_base64="FQwOnBUBB+lHlzGQa/axaIG6tYo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaEDbbTbt0dxN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8OBPcgOd9O5WNza3tnepubW//4PDIPT7pmDTXlLVpKlLdi4lhgivWBg6C9TLNiIwF68bj+7nfnTBteKqeYJqxUJKh4gmnBKwUuW4AIwYkKgItcRqbWeTWvYa3AF4nfknqqEQrcr+CQUpzyRRQQYzp+14GYUE0cCrYrBbkhmWEjsmQ9S1VRDITFovLZ/jCKgOcpNqWArxQf08URBozlbHtlARGZtWbi/95/RyS27DgKsuBKbpclOQCQ4rnMeAB14yCmFpCqOb2VkxHRBMKNqyaDcFffXmddK4avtfwH6/rzbsyjio6Q+foEvnoBjXRA2qhNqJogp7RK3pzCufFeXc+lq0Vp5w5RX/gfP4AuLmTsw==</latexit><latexit sha1_base64="FQwOnBUBB+lHlzGQa/axaIG6tYo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaEDbbTbt0dxN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8OBPcgOd9O5WNza3tnepubW//4PDIPT7pmDTXlLVpKlLdi4lhgivWBg6C9TLNiIwF68bj+7nfnTBteKqeYJqxUJKh4gmnBKwUuW4AIwYkKgItcRqbWeTWvYa3AF4nfknqqEQrcr+CQUpzyRRQQYzp+14GYUE0cCrYrBbkhmWEjsmQ9S1VRDITFovLZ/jCKgOcpNqWArxQf08URBozlbHtlARGZtWbi/95/RyS27DgKsuBKbpclOQCQ4rnMeAB14yCmFpCqOb2VkxHRBMKNqyaDcFffXmddK4avtfwH6/rzbsyjio6Q+foEvnoBjXRA2qhNqJogp7RK3pzCufFeXc+lq0Vp5w5RX/gfP4AuLmTsw==</latexit><latexit sha1_base64="FQwOnBUBB+lHlzGQa/axaIG6tYo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0GPRi8cK9gOaEDbbTbt0dxN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8OBPcgOd9O5WNza3tnepubW//4PDIPT7pmDTXlLVpKlLdi4lhgivWBg6C9TLNiIwF68bj+7nfnTBteKqeYJqxUJKh4gmnBKwUuW4AIwYkKgItcRqbWeTWvYa3AF4nfknqqEQrcr+CQUpzyRRQQYzp+14GYUE0cCrYrBbkhmWEjsmQ9S1VRDITFovLZ/jCKgOcpNqWArxQf08URBozlbHtlARGZtWbi/95/RyS27DgKsuBKbpclOQCQ4rnMeAB14yCmFpCqOb2VkxHRBMKNqyaDcFffXmddK4avtfwH6/rzbsyjio6Q+foEvnoBjXRA2qhNqJogp7RK3pzCufFeXc+lq0Vp5w5RX/gfP4AuLmTsw==</latexit>

✓em
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FIG. 1: A cartoon for the production of a sterile neutrino-
induced upward pointing cosmic ray shower. The ⌫4 can di-
rectly produce a shower through CC interactions (left track)
or scattering into a ⌫⌧ flavor state via a NC interaction which
then propagates and produces a cascade (right track).

an EeV energy cascade will not have undergone a full
regeneration cycle.

For the purpose of calculating ANITA’s sensitivity
to ⌫4 initiated cascades we follow as closely as possi-
ble the collaborations own prescription for the detection
of ⌧ ’s created by SM neutrino interactions within the
earth [34, 38, 39], modified suitably for the propagation
and interaction of ⌫4. The transient point source accep-
tance for the ANITA experiment, along a chord, l, at
observing angle ✓obs, is given by the expression,

Ai (E⌫ , ✓obs) =

Z
l(✓obs)

0

dPi (E⌫ , x)

dx
P⌧,surf (E⌫ , x) hAshidx ,

(1)
where x is the position coordinate along l (✓obs), and the
index i runs over the CC and NC interaction channels.

A ⌫4 state, in the limit that the mixing with SM neutri-
nos is dominated by ✓⌧4, will have a likelihood to interact
within the earth’s mantle of,

dPCC (E⌫ , x)

dx
= n (x) sin2

✓⌧4�CC (E⌫) e
�OD⌫4 (E⌫ ,x)

,

(2)
with the nucleon number density, n (x), given by the
PREM density model [40], weak interaction charged cur-
rent (CC) and neutral current (NC) cross sections taken
from [41], and the total transmission optical depth for a
⌫4 state, OD⌫4 . The fraction of the decay lifetime of a ⌧

produced in the crust, fp, decreases the probability that
it will reach the surface,

fp (E⌫ , x) =

Z
l(✓obs)�x

0

dl

ldecay (E⌫ , l)
, (3)

where the instantaneous decay length along the trajec-
tory is c⌧decay (E⌫ , l). To calculate the instantaneous ⌧

decay length we take the initial ⌧ energy to be E⌧ =
0.8E⌫ and the energy loss rate of ⌧ leptons in Earth is
taken from [34]. The emergence probability that a ⌧ cre-
ated in an interaction within the earth is then simply
P⌧,surf (E⌫ , x) = e

�fp(E⌫ ,x). The final emerging ⌧ en-
ergy, E⌧ , is likewise computed following the ALLM model
of [34]. This information is then used to compute the av-
erage area of an ANITA detectable ⌧ decay shower,

hAshi =

Z
lANITA

0

dPsh (E⌧ , fp)

dl
Ash (E⌧ , lsh) dl . (4)

Here the detectable shower area, Ash (E⌧ , lsh), is cal-
culated from the electromagnetic shower strength at
distance, lsh, and ANITA detection threshold of [39],
and this is averaged with the ⌧ decay probability,
Psh (E⌧ , fp) = e

�(l/ldecay(E⌧ )+fp), accounting for the frac-
tion of a decay lifetime each ⌧ has already spent inside
the crust. It should be noted that Equation (4.2) of [39]
contains a significant, and as of this writing uncorrected,
typographical error which gives the inverse of the true
dependence of the electromagnetic field strength on lsh.

For the double interaction case, where a ⌫4 first scatters
into a ⌫⌧ via NC interactions with nucleons, we modify
Eq. 2 as follows,

dPNC (E⌫ , x)

dx
= n (x) �CC (E⌫) P⌫4!⌫⌧ (E⌫ , x) , (5)

where P⌫4!⌫⌧ (E⌫ , x) is the transmission probability av-
erage over histories of possible midpoints for the ⌫4 ! ⌫⌧

NC interaction,

P⌫4!⌫⌧ (E⌫ , x) =

Z
x

0
e
�OD⌫⌧

dPCC (E⌫ , x
0)

dx0
�NC

�CC
dx

0
,

(6)
where OD⌫⌧ is the transmission optical depth of a ⌫⌧ of
energy E⌫ from the midpoint, x

0, to the end point x.
The transient point source acceptance for ANITA is

then the sum over Eq. 1 including both channels. To
calculate the total exposure of ANITA to ⌫4 initiated
cascades we integrate,

Exp (E⌫) =
X

i=CC,NC

Z Z
Ai (E⌫ , ✓obs) d⌦obsdt . (7)

3. Exposure and Transient Acceptance. –
To gauge the the likelihood that ANITA’s two anoma-

lous cascade events may arise from ⌫4 initiated cascades,
we compare our calculation of ANITA’s exposure and
transient acceptance to predictions for the IceCube neu-
trino observatory and the AUGER cosmic ray observa-
tory. Given that the AUGER experiment samples only
a narrow ⇠ .5o band near the horizon in their search for
astro-physical neutrinos [42], their exposure need only be
adjusted for the reduced weak interaction cross section of
⌫4 in order to compare with ANITA. IceCube, because
it is capable of observing the entire sky simultaneously,
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AUGER.2 The basis of the idea in Ref. [11] is as follows. The cross section of the scattering of ⌫4

is given by that of ⌫⌧ times the mixing square [i.e., �(⌫4 +nucleus) = |U⌧4|2�(⌫⌧ +nucleus)] so by

taking |U⌧4|2 ⇠ 0.1, the mean free path of ⌫4 will be of order of the chord size (i.e., L ⇠ 5000 km)

and the majority of the ⌫4 flux will survive traversing the Earth. Then, thanks to its mixing with

⌫⌧ it can produce ⌧ in the vicinity of the ANITA detector. This picture is not entirely valid because

while the high energetic ⌫4 traverses the Earth, it loses its active component and will emerge in

the vicinity of ANITA as ⌫s rather than a mixture of ⌫s and ⌫⌧ , unable to produce ⌧ . Let us study

the propagation more systematically, considering a large mass splitting of �M
2 between ⌫4 and

the rest of the neutrino mass eigenstates, �M
2 � |�m

2
31|.

The evolution of the neutrino states in the flavor basis,  T = (⌫e, ⌫µ, ⌫⌧ , ⌫s) can be described

by

i
d 

dt
=

h
U · diag(0,�m

2
21/(2E⌫),�m

2
31/(2E⌫),�M

2
/(2E⌫)) · U †

+ diag(
p
2GF (Ne �Nn/2),�

p
2GFNn/2,�

p
2GFNn/2, 0)

� i diag(�/2,�/2,�/2, 0)] (1)

where the only unusual term is the last one which takes care of the scattering of active neutrinos o↵

matter. � is the rate of the scattering which for E⌫ � m⌧ is equal for all three active neutrinos. For

these energies, �m
2
21L/2E⌫ ,�m

2
31L/2E⌫ ⌧ 1 (with L < 2R�) so we can safely set �m

2
21,�m

2
31 '

0. We however keep �M
2 and study the range for which it can lead to nontrivial e↵ects. Since we

assume Ue4 = Uµ4 = 0, we can write U as

0

BBBBBB@

Ue1 Ue2 Ue3 0

Uµ1 Uµ2 Uµ3 0

cos↵U⌧1 cos↵U⌧2 cos↵U⌧3 sin↵

� sin↵U⌧1 � sin↵U⌧2 � sin↵U⌧3 cos↵

1

CCCCCCA
, (2)

where U�i with � 2 {e, µ, ⌧} and i 2 {1, 2, 3} are the elements of the PMNS matrix. We can

therefore write

|⌫1i = Ue1|⌫ei+ Uµ1|⌫µi+ cos↵U⌧1|⌫⌧ i � sin↵U⌧1|⌫si

|⌫2i = Ue2|⌫ei+ Uµ2|⌫µi+ cos↵U⌧2|⌫⌧ i � sin↵U⌧2|⌫si

|⌫3i = Ue3|⌫ei+ Uµ3|⌫µi+ cos↵U⌧3|⌫⌧ i � sin↵U⌧3|⌫si

2 In Ref. [11], the decay of ultraheavy dark matter (with a mass of few PeV) is suggested as the source of ⌫4 but

such a source is not transient.
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|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and
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Cross section of

Mean free path of         =                     (Mean free path of        )~5000 km 

500 km

The flux will survive and produce tau.

⌫4 = |U⌧4|2�(⌫⌧ + nucleus)
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<latexit sha1_base64="G5aF9ZPQXPPqcoi04kR4VSjkNHk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSUtBl0Y3LCqYtNDFMppN26OTBzI1Q0mz8FTcuFHHrZ7jzb5w+Ftp64MLhnHu5954gFVyBZX0bK6tr6xubpa3y9s7u3r55cNhSSSYpc2giEtkJiGKCx8wBDoJ1UslIFAjWDoY3E7/9yKTiSXwPo5R5EenHPOSUgJZ883js+LkLJMP1YvyQX9QKF3jElG9WrKo1BV4m9pxU0BxN3/xyewnNIhYDFUSprm2l4OVEAqeCFWU3UywldEj6rKtpTPQSL58+UOAzrfRwmEhdMeCp+nsiJ5FSoyjQnRGBgVr0JuJ/XjeD8MrLeZxmwGI6WxRmAkOCJ2ngHpeMghhpQqjk+lZMB0QSCjqzsg7BXnx5mbRqVduq2nf1SuN6HkcJnaBTdI5sdIka6BY1kYMoKtAzekVvxpPxYrwbH7PWFWM+c4T+wPj8AZTRlmI=</latexit><latexit sha1_base64="G5aF9ZPQXPPqcoi04kR4VSjkNHk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSUtBl0Y3LCqYtNDFMppN26OTBzI1Q0mz8FTcuFHHrZ7jzb5w+Ftp64MLhnHu5954gFVyBZX0bK6tr6xubpa3y9s7u3r55cNhSSSYpc2giEtkJiGKCx8wBDoJ1UslIFAjWDoY3E7/9yKTiSXwPo5R5EenHPOSUgJZ883js+LkLJMP1YvyQX9QKF3jElG9WrKo1BV4m9pxU0BxN3/xyewnNIhYDFUSprm2l4OVEAqeCFWU3UywldEj6rKtpTPQSL58+UOAzrfRwmEhdMeCp+nsiJ5FSoyjQnRGBgVr0JuJ/XjeD8MrLeZxmwGI6WxRmAkOCJ2ngHpeMghhpQqjk+lZMB0QSCjqzsg7BXnx5mbRqVduq2nf1SuN6HkcJnaBTdI5sdIka6BY1kYMoKtAzekVvxpPxYrwbH7PWFWM+c4T+wPj8AZTRlmI=</latexit><latexit sha1_base64="G5aF9ZPQXPPqcoi04kR4VSjkNHk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSUtBl0Y3LCqYtNDFMppN26OTBzI1Q0mz8FTcuFHHrZ7jzb5w+Ftp64MLhnHu5954gFVyBZX0bK6tr6xubpa3y9s7u3r55cNhSSSYpc2giEtkJiGKCx8wBDoJ1UslIFAjWDoY3E7/9yKTiSXwPo5R5EenHPOSUgJZ883js+LkLJMP1YvyQX9QKF3jElG9WrKo1BV4m9pxU0BxN3/xyewnNIhYDFUSprm2l4OVEAqeCFWU3UywldEj6rKtpTPQSL58+UOAzrfRwmEhdMeCp+nsiJ5FSoyjQnRGBgVr0JuJ/XjeD8MrLeZxmwGI6WxRmAkOCJ2ngHpeMghhpQqjk+lZMB0QSCjqzsg7BXnx5mbRqVduq2nf1SuN6HkcJnaBTdI5sdIka6BY1kYMoKtAzekVvxpPxYrwbH7PWFWM+c4T+wPj8AZTRlmI=</latexit><latexit sha1_base64="G5aF9ZPQXPPqcoi04kR4VSjkNHk=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWAR3FiSUtBl0Y3LCqYtNDFMppN26OTBzI1Q0mz8FTcuFHHrZ7jzb5w+Ftp64MLhnHu5954gFVyBZX0bK6tr6xubpa3y9s7u3r55cNhSSSYpc2giEtkJiGKCx8wBDoJ1UslIFAjWDoY3E7/9yKTiSXwPo5R5EenHPOSUgJZ883js+LkLJMP1YvyQX9QKF3jElG9WrKo1BV4m9pxU0BxN3/xyewnNIhYDFUSprm2l4OVEAqeCFWU3UywldEj6rKtpTPQSL58+UOAzrfRwmEhdMeCp+nsiJ5FSoyjQnRGBgVr0JuJ/XjeD8MrLeZxmwGI6WxRmAkOCJ2ngHpeMghhpQqjk+lZMB0QSCjqzsg7BXnx5mbRqVduq2nf1SuN6HkcJnaBTdI5sdIka6BY1kYMoKtAzekVvxpPxYrwbH7PWFWM+c4T+wPj8AZTRlmI=</latexit>



Misconception

Cross section of

Mean free path of         =                     (Mean free path of        )~5000 km 

500 km

⌫4 = |U⌧4|2�(⌫⌧ + nucleus)
<latexit sha1_base64="7l6uSyWORTSoVGFXoWeCWP2jrsw=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUhDJTBnQjFN24rGAf0KlDJk3b0CQz5CGUaX/Ejb/ixoUiLtyIf2P6WGjrgQuHc+5N7j1RwqjSrvvtZFZW19Y3spu5re2d3b38/kFdxUZiUsMxi2UzQoowKkhNU81IM5EE8YiRRjS4nviNByIVjcWdHiakzVFP0C7FSFspzPuBMKF/OaqFaaCRgf54dF+GgaI9jooTb6qepYHkUBjMiFHj0zBfcEvuFHCZeHNSAHNUw/xn0Imx4URozJBSLc9NdDtFUlP75DgXGEUShAeoR1qWCsSJaqfT68bwxCod2I2lLaHhVP09kSKu1JBHtpMj3VeL3kT8z2sZ3b1op1QkRhOBZx91DYM6hpOoYIdKgjUbWoKwpHZXiPtIIqxtoDkbgrd48jKpl0ueW/Ju/ULlah5HFhyBY1AEHjgHFXADqqAGMHgEz+AVvDlPzovz7nzMWjPOfOYQ/IHz9QO4SqGv</latexit><latexit sha1_base64="7l6uSyWORTSoVGFXoWeCWP2jrsw=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUhDJTBnQjFN24rGAf0KlDJk3b0CQz5CGUaX/Ejb/ixoUiLtyIf2P6WGjrgQuHc+5N7j1RwqjSrvvtZFZW19Y3spu5re2d3b38/kFdxUZiUsMxi2UzQoowKkhNU81IM5EE8YiRRjS4nviNByIVjcWdHiakzVFP0C7FSFspzPuBMKF/OaqFaaCRgf54dF+GgaI9jooTb6qepYHkUBjMiFHj0zBfcEvuFHCZeHNSAHNUw/xn0Imx4URozJBSLc9NdDtFUlP75DgXGEUShAeoR1qWCsSJaqfT68bwxCod2I2lLaHhVP09kSKu1JBHtpMj3VeL3kT8z2sZ3b1op1QkRhOBZx91DYM6hpOoYIdKgjUbWoKwpHZXiPtIIqxtoDkbgrd48jKpl0ueW/Ju/ULlah5HFhyBY1AEHjgHFXADqqAGMHgEz+AVvDlPzovz7nzMWjPOfOYQ/IHz9QO4SqGv</latexit><latexit sha1_base64="7l6uSyWORTSoVGFXoWeCWP2jrsw=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUhDJTBnQjFN24rGAf0KlDJk3b0CQz5CGUaX/Ejb/ixoUiLtyIf2P6WGjrgQuHc+5N7j1RwqjSrvvtZFZW19Y3spu5re2d3b38/kFdxUZiUsMxi2UzQoowKkhNU81IM5EE8YiRRjS4nviNByIVjcWdHiakzVFP0C7FSFspzPuBMKF/OaqFaaCRgf54dF+GgaI9jooTb6qepYHkUBjMiFHj0zBfcEvuFHCZeHNSAHNUw/xn0Imx4URozJBSLc9NdDtFUlP75DgXGEUShAeoR1qWCsSJaqfT68bwxCod2I2lLaHhVP09kSKu1JBHtpMj3VeL3kT8z2sZ3b1op1QkRhOBZx91DYM6hpOoYIdKgjUbWoKwpHZXiPtIIqxtoDkbgrd48jKpl0ueW/Ju/ULlah5HFhyBY1AEHjgHFXADqqAGMHgEz+AVvDlPzovz7nzMWjPOfOYQ/IHz9QO4SqGv</latexit><latexit sha1_base64="7l6uSyWORTSoVGFXoWeCWP2jrsw=">AAACHXicbVDLSgMxFM3UV62vqks3wSJUhDJTBnQjFN24rGAf0KlDJk3b0CQz5CGUaX/Ejb/ixoUiLtyIf2P6WGjrgQuHc+5N7j1RwqjSrvvtZFZW19Y3spu5re2d3b38/kFdxUZiUsMxi2UzQoowKkhNU81IM5EE8YiRRjS4nviNByIVjcWdHiakzVFP0C7FSFspzPuBMKF/OaqFaaCRgf54dF+GgaI9jooTb6qepYHkUBjMiFHj0zBfcEvuFHCZeHNSAHNUw/xn0Imx4URozJBSLc9NdDtFUlP75DgXGEUShAeoR1qWCsSJaqfT68bwxCod2I2lLaHhVP09kSKu1JBHtpMj3VeL3kT8z2sZ3b1op1QkRhOBZx91DYM6hpOoYIdKgjUbWoKwpHZXiPtIIqxtoDkbgrd48jKpl0ueW/Ju/ULlah5HFhyBY1AEHjgHFXADqqAGMHgEz+AVvDlPzovz7nzMWjPOfOYQ/IHz9QO4SqGv</latexit>

⌫4
<latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Rt/0o+ISmk+EZHL1QUc/hAkhwGc=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVmRNCl4MZlBacttEPJpLdtaCYzJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlba2d3b3yvuVg+rh0XHtpNqyaW4EhiJVqenE3KKSGkOSpLCTGeRJrLAdT+7nefsZjZWpfqJphlHCR1oOpeDkrLCn8/51v1b3G/5CbBOCFdRhpWa/9tUbpCJPUJNQ3Npu4GcUFdyQFApnlV5uMeNiwkfYdah5gjYqFsPO2IVzBmyYGnc0sYX7+0XBE2unSexuJpzGdj2bm/9l3ZyGt1EhdZYTarH8aJgrRimbb84G0qAgNXXAhZFuVibG3HBBrp+KKyFYX3kTWleNwG8Ejz6U4QzO4RICuIE7eIAmhCBAwgu8wbunvVfvY1lXyVv1dgp/5H3+AGXpjSc=</latexit><latexit sha1_base64="Rt/0o+ISmk+EZHL1QUc/hAkhwGc=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcFVmRNCl4MZlBacttEPJpLdtaCYzJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTElLvv/tlba2d3b3yvuVg+rh0XHtpNqyaW4EhiJVqenE3KKSGkOSpLCTGeRJrLAdT+7nefsZjZWpfqJphlHCR1oOpeDkrLCn8/51v1b3G/5CbBOCFdRhpWa/9tUbpCJPUJNQ3Npu4GcUFdyQFApnlV5uMeNiwkfYdah5gjYqFsPO2IVzBmyYGnc0sYX7+0XBE2unSexuJpzGdj2bm/9l3ZyGt1EhdZYTarH8aJgrRimbb84G0qAgNXXAhZFuVibG3HBBrp+KKyFYX3kTWleNwG8Ejz6U4QzO4RICuIE7eIAmhCBAwgu8wbunvVfvY1lXyVv1dgp/5H3+AGXpjSc=</latexit><latexit sha1_base64="NXtqMXbAhJpodgXykj/X66w3SiA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZ4HpQrbl1dwGyTryC1KBAa1D96g8TlsVcIZPUmJ7nphjkVKNgks8q/czwlLIJHfGepYrG3AT54tgZubDKkESJtqWQLNTfEzmNjZnGoe2MKY7NqjcX//N6GUY3QS5UmiFXbLkoyiTBhMw/J0OhOUM5tYQyLeythI2ppgxtPhUbgrf68jppX9U9t+49uLXmbRFHGc7gHC7BgwY04R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8weJLY56</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit><latexit sha1_base64="SwseLVsLEc0qZSBTQ1WqHmRpUF0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS31fZoDGo1ty6uwBZJ15BalCgNah+9YcJy2KukElqTM9zUwxyqlEwyWeVfmZ4StmEjnjPUkVjboJ8ceyMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3m9DKObIBcqzZArtlwUZZJgQuafk6HQnKGcWkKZFvZWwsZUU4Y2n4oNwVt9eZ20r+qeW/ceGrXmbRFHGc7gHC7Bg2towj20wAcGAp7hFd4c5bw4787HsrXkFDOn8AfO5w+KbY5+</latexit>

⌫⌧
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|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

cos↵|⌫si
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|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

In the limit, �R� � 1 and �M2R�/E⌫ ⌧ 1
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Evolution in presence of  scattering

6

AUGER.2 The basis of the idea in Ref. [11] is as follows. The cross section of the scattering of ⌫4

is given by that of ⌫⌧ times the mixing square [i.e., �(⌫4 +nucleus) = |U⌧4|2�(⌫⌧ +nucleus)] so by

taking |U⌧4|2 ⇠ 0.1, the mean free path of ⌫4 will be of order of the chord size (i.e., L ⇠ 5000 km)

and the majority of the ⌫4 flux will survive traversing the Earth. Then, thanks to its mixing with

⌫⌧ it can produce ⌧ in the vicinity of the ANITA detector. This picture is not entirely valid because

while the high energetic ⌫4 traverses the Earth, it loses its active component and will emerge in

the vicinity of ANITA as ⌫s rather than a mixture of ⌫s and ⌫⌧ , unable to produce ⌧ . Let us study

the propagation more systematically, considering a large mass splitting of �M
2 between ⌫4 and

the rest of the neutrino mass eigenstates, �M
2 � |�m

2
31|.

The evolution of the neutrino states in the flavor basis,  T = (⌫e, ⌫µ, ⌫⌧ , ⌫s) can be described

by

i
d 

dt
=

h
U · diag(0,�m

2
21/(2E⌫),�m

2
31/(2E⌫),�M

2
/(2E⌫)) · U †

+ diag(
p
2GF (Ne �Nn/2),�

p
2GFNn/2,�

p
2GFNn/2, 0)

� i diag(�/2,�/2,�/2, 0)] (1)

where the only unusual term is the last one which takes care of the scattering of active neutrinos o↵

matter. � is the rate of the scattering which for E⌫ � m⌧ is equal for all three active neutrinos. For

these energies, �m
2
21L/2E⌫ ,�m

2
31L/2E⌫ ⌧ 1 (with L < 2R�) so we can safely set �m

2
21,�m

2
31 '

0. We however keep �M
2 and study the range for which it can lead to nontrivial e↵ects. Since we

assume Ue4 = Uµ4 = 0, we can write U as

0

BBBBBB@

Ue1 Ue2 Ue3 0

Uµ1 Uµ2 Uµ3 0

cos↵U⌧1 cos↵U⌧2 cos↵U⌧3 sin↵

� sin↵U⌧1 � sin↵U⌧2 � sin↵U⌧3 cos↵

1

CCCCCCA
, (2)

where U�i with � 2 {e, µ, ⌧} and i 2 {1, 2, 3} are the elements of the PMNS matrix. We can

therefore write

|⌫1i = Ue1|⌫ei+ Uµ1|⌫µi+ cos↵U⌧1|⌫⌧ i � sin↵U⌧1|⌫si

|⌫2i = Ue2|⌫ei+ Uµ2|⌫µi+ cos↵U⌧2|⌫⌧ i � sin↵U⌧2|⌫si

|⌫3i = Ue3|⌫ei+ Uµ3|⌫µi+ cos↵U⌧3|⌫⌧ i � sin↵U⌧3|⌫si

2 In Ref. [11], the decay of ultraheavy dark matter (with a mass of few PeV) is suggested as the source of ⌫4 but

such a source is not transient.
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FIG. 1. Oscillation probability versus the size of the traversed chord. We have taken E⌫ =EeV, � =

0.003 km�1 (corresponding to ⇢ = 4.5 gr/cm3 and oscillation cross section of 1.1 ⇥ 10�32 cm2 taken from

[13]), |U⌧4|2 = sin2 ↵ = 0.1 and �M
2
/2E⌫ = 0.35� which corresponds to

p
�M2 = 643 eV. The orange and

blue lines respectively correspond to antineutrino and neutrino modes.

�M
2
/(2E⌫) ⇠ 0.3�, the flux of ⌫⌧ after passing the mantle cannot be larger than 10�10 cm�2.

Considering that the acceptance of ANITA is ⇠ 2 ⇥ 109 cm2 [13] (See also [29]), this means the

number of ⌧ like events will be too small to explain the ANITA events. Some possibilities to

enhance the predicted number of ⌧ events at ANITA are the following: 1) If ⌫s also mixes with
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2
/2E⌫ = 0.35� which corresponds to
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�M2 = 643 eV. The orange and

blue lines respectively correspond to antineutrino and neutrino modes.

�M
2
/(2E⌫) ⇠ 0.3�, the flux of ⌫⌧ after passing the mantle cannot be larger than 10�10 cm�2.

Considering that the acceptance of ANITA is ⇠ 2 ⇥ 109 cm2 [13] (See also [29]), this means the

number of ⌧ like events will be too small to explain the ANITA events. Some possibilities to

enhance the predicted number of ⌧ events at ANITA are the following: 1) If ⌫s also mixes with
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Scaling with mixing

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

P (⌫3 ! ⌫⌧ ) ⇠ 0.1 sin4 ↵
<latexit sha1_base64="aash8n2aBWuBpYN89/cAWORQ9PE=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyxCdVFmtKDLohuXFewFOnU4k2ba0CQzJBmhlL6DG1/FjQtF3Lpx59uYXhba+kPg4z/ncHL+KOVMG8/7dpaWV1bX1nMb+c2t7Z1dd2+/rpNMEVojCU9UMwJNOZO0ZpjhtJkqCiLitBH1r8f1xgNVmiXyzgxS2hbQlSxmBIy1Qve0WgxkFp7jwCR4TIGB7CTQTGCv5GML8r4cAE97ELoFr+RNhBfBn0EBzVQN3a+gk5BMUGkIB61bvpea9hCUYYTTUT7INE2B9KFLWxYlCKrbw8lNI3xsnQ6OE2WfNHji/p4YgtB6ICLbKcD09HxtbP5Xa2UmvmwPmUwzQyWZLoozju3944BwhylKDB9YAKKY/SsmPVBAjI0xb0Pw509ehPpZybfx3ZYLlatZHDl0iI5QEfnoAlXQDaqiGiLoET2jV/TmPDkvzrvzMW1dcmYzB+iPnM8fWUKckg==</latexit><latexit sha1_base64="aash8n2aBWuBpYN89/cAWORQ9PE=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyxCdVFmtKDLohuXFewFOnU4k2ba0CQzJBmhlL6DG1/FjQtF3Lpx59uYXhba+kPg4z/ncHL+KOVMG8/7dpaWV1bX1nMb+c2t7Z1dd2+/rpNMEVojCU9UMwJNOZO0ZpjhtJkqCiLitBH1r8f1xgNVmiXyzgxS2hbQlSxmBIy1Qve0WgxkFp7jwCR4TIGB7CTQTGCv5GML8r4cAE97ELoFr+RNhBfBn0EBzVQN3a+gk5BMUGkIB61bvpea9hCUYYTTUT7INE2B9KFLWxYlCKrbw8lNI3xsnQ6OE2WfNHji/p4YgtB6ICLbKcD09HxtbP5Xa2UmvmwPmUwzQyWZLoozju3944BwhylKDB9YAKKY/SsmPVBAjI0xb0Pw509ehPpZybfx3ZYLlatZHDl0iI5QEfnoAlXQDaqiGiLoET2jV/TmPDkvzrvzMW1dcmYzB+iPnM8fWUKckg==</latexit><latexit sha1_base64="aash8n2aBWuBpYN89/cAWORQ9PE=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyxCdVFmtKDLohuXFewFOnU4k2ba0CQzJBmhlL6DG1/FjQtF3Lpx59uYXhba+kPg4z/ncHL+KOVMG8/7dpaWV1bX1nMb+c2t7Z1dd2+/rpNMEVojCU9UMwJNOZO0ZpjhtJkqCiLitBH1r8f1xgNVmiXyzgxS2hbQlSxmBIy1Qve0WgxkFp7jwCR4TIGB7CTQTGCv5GML8r4cAE97ELoFr+RNhBfBn0EBzVQN3a+gk5BMUGkIB61bvpea9hCUYYTTUT7INE2B9KFLWxYlCKrbw8lNI3xsnQ6OE2WfNHji/p4YgtB6ICLbKcD09HxtbP5Xa2UmvmwPmUwzQyWZLoozju3944BwhylKDB9YAKKY/SsmPVBAjI0xb0Pw509ehPpZybfx3ZYLlatZHDl0iI5QEfnoAlXQDaqiGiLoET2jV/TmPDkvzrvzMW1dcmYzB+iPnM8fWUKckg==</latexit><latexit sha1_base64="aash8n2aBWuBpYN89/cAWORQ9PE=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyxCdVFmtKDLohuXFewFOnU4k2ba0CQzJBmhlL6DG1/FjQtF3Lpx59uYXhba+kPg4z/ncHL+KOVMG8/7dpaWV1bX1nMb+c2t7Z1dd2+/rpNMEVojCU9UMwJNOZO0ZpjhtJkqCiLitBH1r8f1xgNVmiXyzgxS2hbQlSxmBIy1Qve0WgxkFp7jwCR4TIGB7CTQTGCv5GML8r4cAE97ELoFr+RNhBfBn0EBzVQN3a+gk5BMUGkIB61bvpea9hCUYYTTUT7INE2B9KFLWxYlCKrbw8lNI3xsnQ6OE2WfNHji/p4YgtB6ICLbKcD09HxtbP5Xa2UmvmwPmUwzQyWZLoozju3944BwhylKDB9YAKKY/SsmPVBAjI0xb0Pw509ehPpZybfx3ZYLlatZHDl0iI5QEfnoAlXQDaqiGiLoET2jV/TmPDkvzrvzMW1dcmYzB+iPnM8fWUKckg==</latexit>

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and



7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

⌫⌧ ! ⌧ ! ⌫⌧ ! ... ! ⌫⌧
<latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit><latexit sha1_base64="H7Q5NBF8aZhErnEqcXmSY33GBag=">AAACHHicbVDLSsNAFL3xWesr6tLNYBFchUQFXRbduKxgH9CEMJlO2qGTSZiZCCX0Q9z4K25cKOLGheDfOH2AfXhg4HDOvdw5J8o4U9p1f6yV1bX1jc3SVnl7Z3dv3z44bKg0l4TWScpT2YqwopwJWtdMc9rKJMVJxGkz6t+O/OYjlYql4kEPMhokuCtYzAjWRgrtC1/koa9xjnydoj8yqzqOMyeGdsV13DHQMvGmpAJT1EL7y++kJE+o0IRjpdqem+mgwFIzwumw7OeKZpj0cZe2DRU4oSooxuGG6NQoHRSn0jyh0Vid3ShwotQgicxkgnVPLXoj8T+vnev4OiiYyHJNBZkcinOOTNJRU6jDJCWaDwzBRDLzV0R6WGKiTZ9lU4K3GHmZNM4dz3W8+8tK9WZaRwmO4QTOwIMrqMId1KAOBJ7gBd7g3Xq2Xq0P63MyumJNd45gDtb3L/D0oKE=</latexit>

Safa et al., JCAP 01 (2020) 012 ICECUBE collaboration, 
arXiv: 1908.08060

(F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : 0 : 0)
<latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="2J0ULW7raK+jhdCsoJHogljBxx0=">AAACIXicbZBNS8MwGMdTX+d8q3r0UhzCdhnpLo6CMBTE4wT3AmspaZZtYWlaklQYpV/Fi1/FiwdFdhO/jNlWmG7+IfDL/3kekucfxIxKBeGXsbG5tb2zW9gr7h8cHh2bJ6dtGSUCkxaOWCS6AZKEUU5aiipGurEgKAwY6QTj21m980SEpBF/VJOYeCEacjqgGClt+Wa9fOenLk98kjk5uWGyZIWWF5lVrsu2U3OgAyu+WYJVOJe1DnYOJZCr6ZtTtx/hJCRcYYak7NkwVl6KhKKYkazoJpLECI/RkPQ0chQS6aXzDTPrUjt9axAJfbiy5u7viRSFUk7CQHeGSI3kam1m/lfrJWpQ91LK40QRjhcPDRJmqciaxWX1qSBYsYkGhAXVf7XwCAmElQ61qEOwV1deh3atasOq/QBLjZs8jgI4BxegDGxwBRrgHjRBC2DwDF7BO/gwXow349OYLlo3jHzmDPyR8f0Dr8SifQ==</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="2J0ULW7raK+jhdCsoJHogljBxx0=">AAACIXicbZBNS8MwGMdTX+d8q3r0UhzCdhnpLo6CMBTE4wT3AmspaZZtYWlaklQYpV/Fi1/FiwdFdhO/jNlWmG7+IfDL/3kekucfxIxKBeGXsbG5tb2zW9gr7h8cHh2bJ6dtGSUCkxaOWCS6AZKEUU5aiipGurEgKAwY6QTj21m980SEpBF/VJOYeCEacjqgGClt+Wa9fOenLk98kjk5uWGyZIWWF5lVrsu2U3OgAyu+WYJVOJe1DnYOJZCr6ZtTtx/hJCRcYYak7NkwVl6KhKKYkazoJpLECI/RkPQ0chQS6aXzDTPrUjt9axAJfbiy5u7viRSFUk7CQHeGSI3kam1m/lfrJWpQ91LK40QRjhcPDRJmqciaxWX1qSBYsYkGhAXVf7XwCAmElQ61qEOwV1deh3atasOq/QBLjZs8jgI4BxegDGxwBRrgHjRBC2DwDF7BO/gwXow349OYLlo3jHzmDPyR8f0Dr8SifQ==</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="77AF0WM/cNtzTKX20xegbW8Z3MQ=">AAACFnicbZDLSgMxGIX/qbdaq45u3QwWod2UTDeWAUEQxGUFe4G2DJk0bUMzmSHJCGWYV3Hjq7hxoUh3vo3pBaqtBwJfzklI/hPEnCmN0LeV29nd2z/IHxaOiscnp/ZZsaWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHI3z9vPVCoWiSc9jWk/xCPBhoxgbSzfrpfv/bQnEp9m3op6YbJmjdcblVVuyq5X85CHKr5dQlW0kLMN7gpKsFLDt2e9QUSSkApNOFaq66JY91MsNSOcZoVeomiMyQSPaNegwCFV/XQxYeZcGWfgDCNpltDOwv19I8WhUtMwMCdDrMdqM5ub/2XdRA/r/ZSJONFUkOVDw4Q7OnLmdTkDJinRfGoAE8nMXx0yxhITbUotmBLczZG3oVWruqjqPiLIwwVcQhlcuIZbeIAGNIHAC7zBB3xar9a79bWsK2etejuHP7JmP7nWoPU=</latexit><latexit sha1_base64="2J0ULW7raK+jhdCsoJHogljBxx0=">AAACIXicbZBNS8MwGMdTX+d8q3r0UhzCdhnpLo6CMBTE4wT3AmspaZZtYWlaklQYpV/Fi1/FiwdFdhO/jNlWmG7+IfDL/3kekucfxIxKBeGXsbG5tb2zW9gr7h8cHh2bJ6dtGSUCkxaOWCS6AZKEUU5aiipGurEgKAwY6QTj21m980SEpBF/VJOYeCEacjqgGClt+Wa9fOenLk98kjk5uWGyZIWWF5lVrsu2U3OgAyu+WYJVOJe1DnYOJZCr6ZtTtx/hJCRcYYak7NkwVl6KhKKYkazoJpLECI/RkPQ0chQS6aXzDTPrUjt9axAJfbiy5u7viRSFUk7CQHeGSI3kam1m/lfrJWpQ91LK40QRjhcPDRJmqciaxWX1qSBYsYkGhAXVf7XwCAmElQ61qEOwV1deh3atasOq/QBLjZs8jgI4BxegDGxwBRrgHjRBC2DwDF7BO/gwXow349OYLlo3jHzmDPyR8f0Dr8SifQ==</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit><latexit sha1_base64="JbQQTzuHbb4eZUahOBoeIJyKVtw=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5GOwRHQRgK4uUE9wFrKWmWbmFpWpJUGKV/xRv/ijdeKLI78c+YbYXp5guBJ+85h+S8fkyJkKb5pRU2Nre2d4q7pb39g8Mj/fikI6KEI9xGEY14z4cCU8JwWxJJcS/mGIY+xV1/fDurd58wFyRij3ISYzeEQ0YCgqBUlqc3Knde6rDEw5mdkxMmS5ZweRFZ9bpi2XXbtM2qp5fNmjmXsQ5WDmWQq+XpU2cQoSTETCIKhehbZizdFHJJEMVZyUkEjiEawyHuK2QwxMJN5xtmxoVyBkYQcXWYNObu74kUhkJMQl91hlCOxGptZv5X6ycyaLgpYXEiMUOLh4KEGjIyZnEZA8IxknSiACJO1F8NNIIcIqlCLakQrNWV16FTr1lmzXq4LDdv8jiK4AycgwqwwBVognvQAm2AwDN4Be/gQ3vR3rRPbbpoLWj5zCn4I+37B7EEooE=</latexit>

(F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 1 : 1 : 0)
<latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="DoMvXxqql14qKO3C5hvNW1g8Z38=">AAACFnicbZBPS8MwGMbfzn9zTq1evRSHsF1G68UxEARBPE5wm7CWkmbpFpamJUmFUfZVvPhVvHhQZDe/jelWmG4+IfDL874heZ8gYVQq2/42SlvbO7t75f3KQfXw6Ng8qfZknApMujhmsXgKkCSMctJVVDHylAiCooCRfjC5zev9ZyIkjfmjmibEi9CI05BipLTlm636nZ+5PPXJrF2QG6UrVmh1kLPGdd1p58tu+GbNbtoLWZvgFFCDQh3fnLvDGKcR4QozJOXAsRPlZUgoihmZVdxUkgThCRqRgUaOIiK9bDHhzLrQztAKY6E3V9bC/X0jQ5GU0yjQnRFSY7ley83/aoNUhS0vozxJFeF4+VCYMkvFVh6XNaSCYMWmGhAWVP/VwmMkEFY61IoOwVkfeRN6l03HbjoPNpThDM6hDg5cwQ3cQwe6gOEF3uADPo1X4934WsZVMorcTuGPjPkPudSg9Q==</latexit><latexit sha1_base64="DoMvXxqql14qKO3C5hvNW1g8Z38=">AAACFnicbZBPS8MwGMbfzn9zTq1evRSHsF1G68UxEARBPE5wm7CWkmbpFpamJUmFUfZVvPhVvHhQZDe/jelWmG4+IfDL874heZ8gYVQq2/42SlvbO7t75f3KQfXw6Ng8qfZknApMujhmsXgKkCSMctJVVDHylAiCooCRfjC5zev9ZyIkjfmjmibEi9CI05BipLTlm636nZ+5PPXJrF2QG6UrVmh1kLPGdd1p58tu+GbNbtoLWZvgFFCDQh3fnLvDGKcR4QozJOXAsRPlZUgoihmZVdxUkgThCRqRgUaOIiK9bDHhzLrQztAKY6E3V9bC/X0jQ5GU0yjQnRFSY7ley83/aoNUhS0vozxJFeF4+VCYMkvFVh6XNaSCYMWmGhAWVP/VwmMkEFY61IoOwVkfeRN6l03HbjoPNpThDM6hDg5cwQ3cQwe6gOEF3uADPo1X4934WsZVMorcTuGPjPkPudSg9Q==</latexit><latexit sha1_base64="+7qG9R1fXMuaNI4IJB2jmduSRp8=">AAACIXicbZBdS8MwFIbT+TXnV9VLb4pD2G5G6o1jIAwF8XKC+4C1lDTLtrA0LUkqjNK/4o1/xRsvFNmd+GdMt8J084TAk/ecw8l5/YhRqSD8Mgobm1vbO8Xd0t7+weGReXzSkWEsMGnjkIWi5yNJGOWkrahipBcJggKfka4/uc3y3SciJA35o5pGxA3QiNMhxUhpyTPrlTsvcXjskbSRkxPES1Zo+ZBp9bpiN7IDq55ZhjU4D2sd7BzKII+WZ86cQYjjgHCFGZKyb8NIuQkSimJG0pITSxIhPEEj0tfIUUCkm8w3TK0LrQysYSj05cqaq787EhRIOQ18XRkgNZaruUz8L9eP1bDuJpRHsSIcLwYNY2ap0MrssgZUEKzYVAPCguq/WniMBMJKm1rSJtirK69D57Jmw5r9AMvNm9yOIjgD56ACbHAFmuAetEAbYPAMXsE7+DBejDfj05gtSgtG3nMK/oTx/QOvwqJ9</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit><latexit sha1_base64="q5ZGcPXbeyM5d6twkzp8WyYjZ+Q=">AAACIXicbZBdS8MwFIZTP+f8qnrpTXEI281oRXAMhKEgXk5wH7CWkmbZFpakJUmFUfpXvPGveOOFIrsT/4zpVphunhB48p5zODlvEFEilW1/GWvrG5tb24Wd4u7e/sGheXTclmEsEG6hkIaiG0CJKeG4pYiiuBsJDFlAcScY32b5zhMWkoT8UU0i7DE45GRAEFRa8s1a+c5PXB77OK3n5LJ4wQouHjKtXJedenbsim+W7Ko9C2sVnBxKII+mb07dfohihrlCFErZc+xIeQkUiiCK06IbSxxBNIZD3NPIIcPSS2Ybpta5VvrWIBT6cmXN1N8dCWRSTligKxlUI7mcy8T/cr1YDWpeQngUK8zRfNAgppYKrcwuq08ERopONEAkiP6rhUZQQKS0qUVtgrO88iq0L6qOXXUeLkuNm9yOAjgFZ6AMHHAFGuAeNEELIPAMXsE7+DBejDfj05jOS9eMvOcE/Anj+wexAqKB</latexit>



7

|⌫4i = sin↵|⌫⌧ i+ cos↵|⌫si. (3)

Bearing in mind that �L/2 � 1, let us first discuss the limit that �M
2
L/2E⌫ ⌧ 1. In this

limit, the |⌫ii (i 2 {1, 2, 3}) states entering the Earth will emerge from the other side as |⌫ii !

� sin↵U⌧ i|⌫si. In other words, in the presence of mixing with the sterile neutrino, the three light

(mostly active) neutrino mass eigenstates will not be entirely absorbed and their small sterile

component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

8

FIG. 1. Oscillation probability versus the size of the traversed chord. We have taken E⌫ =EeV, � =

0.003 km�1 (corresponding to ⇢ = 4.5 gr/cm3 and oscillation cross section of 1.1 ⇥ 10�32 cm2 taken from

[13]), |U⌧4|2 = sin2 ↵ = 0.1 and �M
2
/2E⌫ = 0.35� which corresponds to

p
�M2 = 643 eV. The orange and

blue lines respectively correspond to antineutrino and neutrino modes.

�M
2
/(2E⌫) ⇠ 0.3�, the flux of ⌫⌧ after passing the mantle cannot be larger than 10�10 cm�2.

Considering that the acceptance of ANITA is ⇠ 2 ⇥ 109 cm2 [13] (See also [29]), this means the

number of ⌧ like events will be too small to explain the ANITA events. Some possibilities to

enhance the predicted number of ⌧ events at ANITA are the following: 1) If ⌫s also mixes with
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<1 events at ANITA

FP (⌫3 ! ⌫⌧ ) ⇠ 0.1F sin4 ↵
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component will survive. Similarly, |⌫4i ! cos↵|⌫si. Independently of starting with either of

neutrino mass eigenstates, after traversing the Earth, only the ⌫s component survives which cannot

produce ⌧ via the electroweak interactions. In order to have the ⌫s ! ⌫⌧ oscillation, 1
<⇠ �M

2
L/E⌫ .

Thus, taking L ⇠ 5000 km and E⌫ ⇠EeV,
p
�M2 should be larger than ⇠ 100 eV. For 1

<⇠

�M
2
L/E⌫ , P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 0.1 sin2 ↵. Fig. 1 shows the probability of conversion

of
(�)
⌫ 3 or

(�)
⌫ 4 arriving at the Earth into

(�)
⌫ ⌧ after traversing a chord of size L in the mantle. The

di↵erence between neutrino and antineutrino comes from flipping the sign of the matter e↵ects. The

di↵erence between the probabilities reflects the importance of matter e↵ects. We have assumed a

mixing only between ⌫s and ⌫⌧ parameters, |U⌧4|2 = 0.1. We have focused on E⌫ =EeV to be close

to the energies of the ANITA events. At this energy, the cross section of the neutrino is 1.1⇥10�32

cm2 [13, 28], leading to � = 0.003 km�1 for ⇢ = 4.5 gr/cm3 in the mantle. The oscillation

probabilities are close to maximal around �M
2
/2E⌫ = 0.35� ⇠ R

�1
� . As seen from the figure for

these parameters P (⌫̄3 ! ⌫̄⌧ ) and P (⌫4 ! ⌫⌧ ) can be as large as ⇠ 10�3 and 0.02, respectively.

Indeed for �M
2
/(2E⌫) ⇠ �, P (⌫4 ! ⌫⌧ ) ⇠ 0.1 sin2 ↵. Moreover, as long as sin↵ > 0.01, P (⌫3 !

⌫⌧ ) ⇠ 0.1 sin4 ↵. For smaller sin↵, the e↵ect of the oscillation between ⌫s and ⌫⌧ at energies of

EeV in the Earth is negligible so the sin4 ↵ scaling does not hold. Taking �M
2
/E⌫ � R

�1
� , we

find that P (⌫4 ! ⌫⌧ ) ' P (⌫̄4 ! ⌫̄⌧ ) ⇠ 0.01(sin2 ↵/0.1) and P (⌫3 ! ⌫⌧ ) ' P (⌫̄3 ! ⌫̄⌧ ) ! 0.

Consider a neutrino flux with a flavor ratio of (F⌫e : F⌫µ : F⌫⌧ : F⌫s) = (1 : 2 : f : 0) which, as

discussed before, at arrival at the Earth can be described in the mass basis as (F1 : F2 : F3 : F4) =

(1 : 1 : 1 + f(1 � |U⌧4|2) : f |U⌧4|2) with a normalization of F at arrival. As shown in [13, 14], ⌫⌧

flux at this energy leads to a regenerated lower energy neutrino flux on which ICECUBE has put a

bound. The bound on F for EeV energies is 10�7 cm�2. The contributions from ⌫3 and ⌫4 to the

⌫⌧ events at the detector will be respectively given by F (1 + f)P (⌫3 ! ⌫⌧ ) ⇠ 0.1F (1 + f) sin4 ↵

and Ff sin2 ↵P (⌫4 ! ⌫⌧ ). As discussed before, the contribution from the ⌫⌧ production at the

source, f , is smaller than 1. Thus, as long as ⌫s is not directly produced at the source, ⌫3 ! ⌫⌧

will dominate the ⌧ events.

Considering the upper bound on F , even in the favorable parameter range sin2 ↵ = 0.1 and

F ⇠ 10�7 cm�2
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⌫e or ⌫µ, the flux of ⌫4 reaching the Earth will be given by F (2|Uµ4|2 + |Ue4|2). The upper bound

on |Uµ4|2 and |Ue4|2 are of order of 10�2 [27]. The flux after traversing the Earth will then be

F (2|Uµ4|2 + |Ue4|2)P (⌫4 ! ⌫⌧ )
<⇠ (few ⇥ 10�4)F . Taking F ⇠ 10�7 cm�2, again the number of

events at ANITA will be smaller than 0.1. 2) Production of ⌫s(' ⌫4) at the source such that

P (⌫4 ! ⌫⌧ )F⌫s/F⌫µ
>⇠ 0.02. That is the flux of ⌫s at the source should be larger than the flux of

⌫⌧ . Obtaining such large ⌫s flux at the source is very challenging, especially considering that there

are strong bounds on the branching ratios of meson decays into ⌫s: Br(⇡+ ! e
+
⌫s) ⌧ Br(⇡+ !

µ
+
⌫s) < 10�3 and Br(⇡0 ! ⌫̄⌫s) < 10�7. 3) Relaxing the upper bound on F . The upper bound

comes from the regeneration of the lower neutrino flux from high energy ⌫⌧ flux. The ⌧ produced

from the CC interaction of ⌫⌧ decays back into ⌫⌧ before losing a significant portion of its energy

but the muon produced by the CC interaction of ⌫µ loses significant energy before decaying back

into ⌫µ. The electron from CC interaction of ⌫e becomes of course absorbed before producing ⌫e.

If there is a mechanism like the one introduced in [4], to maintain ⌫e and ⌫µ as the initial flavor,

there will be no reproduced lower energy flux to be detected by ICECUBE so the bound on F can

be relaxed. We will return to this possibility after revisiting the bounds on the scenario proposed

in [4].

In future with detectors with larger acceptance such as POEMMA [30] there will be interesting

possibility of testing this scenario with �M
2
/(2E⌫) ⇠ (0.1� 1)� and a value of sin2 ↵ close to the

present bound, provided that F is also close to the ICECUBE bound. In this exciting situation,

three spectacular observations will be in the corner: (1) Further data from ICECUBE can observe

transient neutrino fluxes with energies of few PeV produced by regeneration in the Earth [13]. (2)

A coincident transient signal with energy of EeV observed by the successors of ANITA coming

from deep down the Earth after crossing mantle and/or the core with directionality matched with

the accompanying lower energy regenerated neutrino flux. (3) The measurement of nonzero |U⌧4|

in the experiments such as the upgraded FASER⌫ detector during high-luminosity LHC [26] or the

improvement of the bounds on the unitarity of the PMNS matrix.

IV. INTERACTION WITH ULTRALIGHT DARK MATTER

In Ref. [4], we have proposed a model for the interaction of the neutrinos with the background

ultralight dark matter field which behaves like a classic complex scalar. The model that we have

proposed is based on a Lµ � L⌧ gauge symmetry. After integrating out the intermediate gauge

POEMMA, EeV tau neutrinos

Concurrent PeV tau neutrinos by ICECUBE 

Violation of  unitarity of  PMNS matrix
A powerful
Transient source of  cosmic neutrinos

FP (⌫3 ! ⌫⌧ ) ⇠ 0.1F sin4 ↵
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Both 3+1 and coupling to ultralight DM

• At Earth surface:

13

source in a halo up to the surface of the Earth can be written as

P (⌫e ! ⌫⌧ )|�surface = 2|U⌧4|2|Ue4|2 = 4⇥ 10�3 |U⌧4|2

0.1

|Ue4|2

0.02
. (7)

The ⌫e flux produced in a source at a halo can be decomposed as ⌫e = cos�⌫̃1 � sin↵ sin�⌫̃3 +

cos↵ sin�⌫̃4. Travelling the long distance between the source and the Earth, the ⌫̃1, ⌫̃3 and ⌫̃4

components decohere. The probability of ⌫e ! ⌫⌧ after crossing the Earth will be given by

P (⌫e ! ⌫⌧ )|�cross = cos2 �P (⌫̃1 ! ⌫⌧ ) + sin2 ↵ sin2 �P (⌫̃3 ! ⌫⌧ ) + cos2 ↵ sin2 �P (⌫̃4 ! ⌫⌧ ), (8)

where P (⌫̃i ! ⌫⌧ ) takes care of the Earth matter e↵ects, absorption in the Earth and the �M
2

oscillation modes. Fig. (2) shows P (⌫e ! ⌫⌧ ) and P (⌫̄e ! ⌫̄⌧ ) from a source in a halo up to the

detector after crossing a chord of size L. To draw the figure, we have taken |U⌧4|2 ' sin2 ↵ = 0.1

and |Ue4|2 ' sin2 � = 0.02 which satisfy the present bounds [27]. The rest of the input is similar

to what is assumed to draw Fig. 1. Comparing Fig. 2 with Eq. (7), we find that the ratio of the

⌫⌧ flux at the arrival on the Earth to that after traversing chords of size 5000 km-7500 km will not

be larger than ⇠ 10. As seen in Fig 2, in this model ⌫⌧ with EeV energy can emerge and therefore

scatter to ⌧ deep inside the Earth so the spectral shape of the regenerated neutrino flux at lower

energies (i.e., the flux from ⌫⌧ ! ⌧ ! ⌫⌧ ! .... ! ⌫⌧ ) will be di↵erent from that predicted within

the SM [13]. Computing the spectral shape is beyond the scope of the present paper but we can

estimate the total lower energy regenerated ⌫⌧ flux as

F�

Z L

0
P (⌫e ! ⌫⌧ )|�cross[x]dx ⇠ 0.01F,

where F is the time integrated flux of ⌫̃1 ' ⌫e at the surface and L ⇠ 5000 � 7500 km is the

chord size. Within the SM, the ⌫⌧ flux at the surface would be equal to the ⌫e flux, F which

would be entirely absorbed and would lead to regenerated lower energy ⌫⌧ flux. Thus, the bound

of 10�7 cm�2 derived in [13] on the ⌫⌧ flux within the SM framework should be reinterpreted as

0.01F < 10�7 cm�2 or F < 10�5 cm�2 within the present model. Saturating this bound, we expect

FP (⌫e ! ⌫⌧ )|�crossAcc = 10
F

10�5 cm�2

P (⌫e ! ⌫⌧ )

0.0005

Acc

2⇥ 109 cm2
, (9)

where Acc is the acceptance of the neutrino telescope. Taking Acc equal to the acceptence of

ANITA, we find that the number of events can be as large as 10. Thus the ANITA events can

readily be explained with F ⇠ 10�6 cm�2.

Let us discuss the possible source for the ANITA events. To produce ⌫ with an energy of EeV,

the energy of proton impinging on the background photon and proton should be around 10 EeV.

Bound from regeneration is relaxed
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FIG. 2. Probability ⌫e ! ⌫⌧ in the presence of DM e↵ects within the 3 + 1 scheme versus the size of

the traversed chord. We have assumed that both in the solar system and in the production site, the dark

matter density is relatively large with V↵ � �m
2
31/(2E⌫) but still V↵ ⌧ �M

2
/(2E⌫) so the e↵ective mixing

between active and sterile neutrinos remain equal to the values in the vacuum but the e↵ective mixings

between active neutrinos become suppressed. We have taken |U⌧4|2 = 0.1 and |Ue4|2 = 0.02. The rest of the

parameters are as described in the caption of Fig. (1). The orange and blue lines respectively correspond

to antineutrino and neutrino modes.

To have the p + � ! � resonance, � has to have an energy of order of 0.05 eV. For a thermal

distribution of photon with a temperature of 0.05 eV or larger, taking the cross section equal to

120 µb [33], the mean free path of the proton will be of order of the size of the jets of AGNs. In case

of proton proton interaction, the largest contribution comes from a parton in the incident proton

carrying momentum fraction of 0.1 scattering on a very low momentum fraction parton such that

their center of mass energy is of order of 1 GeV or smaller. However, partons in other ranges can

also produce ⌫⌧ (reaching the Earth surface) as well as ⌫e and ⌫µ at energies of order of ⇠PeV.

Let us entertain the possibility of explaining the two ⌫⌧ events observed by ICECUBE within

this scenario, ruling in V↵ ⇠ 10�18 eV. For relatively small values of �M
2 with E⌫/�M

2 � R�,

we then expect F⌫⌧ /F⌫e = 2|Ue4|2|U⌧4|2 < 4 ⇥ 10�3 which is ruled out by ICECUBE. For larger

�M
2 with E⌫/�M

2 ⇠ R�, this ratio will still remain smaller than few percent which is again
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Bounds from ICECUBE and ANITA events
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source in a halo up to the surface of the Earth can be written as

P (⌫e ! ⌫⌧ )|�surface = 2|U⌧4|2|Ue4|2 = 4⇥ 10�3 |U⌧4|2

0.1

|Ue4|2

0.02
. (7)

The ⌫e flux produced in a source at a halo can be decomposed as ⌫e = cos�⌫̃1 � sin↵ sin�⌫̃3 +

cos↵ sin�⌫̃4. Travelling the long distance between the source and the Earth, the ⌫̃1, ⌫̃3 and ⌫̃4

components decohere. The probability of ⌫e ! ⌫⌧ after crossing the Earth will be given by

P (⌫e ! ⌫⌧ )|�cross = cos2 �P (⌫̃1 ! ⌫⌧ ) + sin2 ↵ sin2 �P (⌫̃3 ! ⌫⌧ ) + cos2 ↵ sin2 �P (⌫̃4 ! ⌫⌧ ), (8)

where P (⌫̃i ! ⌫⌧ ) takes care of the Earth matter e↵ects, absorption in the Earth and the �M
2

oscillation modes. Fig. (2) shows P (⌫e ! ⌫⌧ ) and P (⌫̄e ! ⌫̄⌧ ) from a source in a halo up to the

detector after crossing a chord of size L. To draw the figure, we have taken |U⌧4|2 ' sin2 ↵ = 0.1

and |Ue4|2 ' sin2 � = 0.02 which satisfy the present bounds [27]. The rest of the input is similar

to what is assumed to draw Fig. 1. Comparing Fig. 2 with Eq. (7), we find that the ratio of the

⌫⌧ flux at the arrival on the Earth to that after traversing chords of size 5000 km-7500 km will not

be larger than ⇠ 10. As seen in Fig 2, in this model ⌫⌧ with EeV energy can emerge and therefore

scatter to ⌧ deep inside the Earth so the spectral shape of the regenerated neutrino flux at lower

energies (i.e., the flux from ⌫⌧ ! ⌧ ! ⌫⌧ ! .... ! ⌫⌧ ) will be di↵erent from that predicted within

the SM [13]. Computing the spectral shape is beyond the scope of the present paper but we can

estimate the total lower energy regenerated ⌫⌧ flux as

F�

Z L

0
P (⌫e ! ⌫⌧ )|�cross[x]dx ⇠ 0.01F,

where F is the time integrated flux of ⌫̃1 ' ⌫e at the surface and L ⇠ 5000 � 7500 km is the

chord size. Within the SM, the ⌫⌧ flux at the surface would be equal to the ⌫e flux, F which

would be entirely absorbed and would lead to regenerated lower energy ⌫⌧ flux. Thus, the bound

of 10�7 cm�2 derived in [13] on the ⌫⌧ flux within the SM framework should be reinterpreted as

0.01F < 10�7 cm�2 or F < 10�5 cm�2 within the present model. Saturating this bound, we expect

FP (⌫e ! ⌫⌧ )|�crossAcc = 10
F

10�5 cm�2

P (⌫e ! ⌫⌧ )

0.0005

Acc

2⇥ 109 cm2
, (9)

where Acc is the acceptance of the neutrino telescope. Taking Acc equal to the acceptence of

ANITA, we find that the number of events can be as large as 10. Thus the ANITA events can

readily be explained with F ⇠ 10�6 cm�2.

Let us discuss the possible source for the ANITA events. To produce ⌫ with an energy of EeV,

the energy of proton impinging on the background photon and proton should be around 10 EeV.

Reinterpretation of  ICECUBE bound on regenerated tau neutrino: 
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source in a halo up to the surface of the Earth can be written as
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. (7)

The ⌫e flux produced in a source at a halo can be decomposed as ⌫e = cos�⌫̃1 � sin↵ sin�⌫̃3 +

cos↵ sin�⌫̃4. Travelling the long distance between the source and the Earth, the ⌫̃1, ⌫̃3 and ⌫̃4

components decohere. The probability of ⌫e ! ⌫⌧ after crossing the Earth will be given by

P (⌫e ! ⌫⌧ )|�cross = cos2 �P (⌫̃1 ! ⌫⌧ ) + sin2 ↵ sin2 �P (⌫̃3 ! ⌫⌧ ) + cos2 ↵ sin2 �P (⌫̃4 ! ⌫⌧ ), (8)

where P (⌫̃i ! ⌫⌧ ) takes care of the Earth matter e↵ects, absorption in the Earth and the �M
2

oscillation modes. Fig. (2) shows P (⌫e ! ⌫⌧ ) and P (⌫̄e ! ⌫̄⌧ ) from a source in a halo up to the

detector after crossing a chord of size L. To draw the figure, we have taken |U⌧4|2 ' sin2 ↵ = 0.1

and |Ue4|2 ' sin2 � = 0.02 which satisfy the present bounds [27]. The rest of the input is similar

to what is assumed to draw Fig. 1. Comparing Fig. 2 with Eq. (7), we find that the ratio of the

⌫⌧ flux at the arrival on the Earth to that after traversing chords of size 5000 km-7500 km will not

be larger than ⇠ 10. As seen in Fig 2, in this model ⌫⌧ with EeV energy can emerge and therefore

scatter to ⌧ deep inside the Earth so the spectral shape of the regenerated neutrino flux at lower

energies (i.e., the flux from ⌫⌧ ! ⌧ ! ⌫⌧ ! .... ! ⌫⌧ ) will be di↵erent from that predicted within

the SM [13]. Computing the spectral shape is beyond the scope of the present paper but we can

estimate the total lower energy regenerated ⌫⌧ flux as
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P (⌫e ! ⌫⌧ )|�cross[x]dx ⇠ 0.01F,

where F is the time integrated flux of ⌫̃1 ' ⌫e at the surface and L ⇠ 5000 � 7500 km is the

chord size. Within the SM, the ⌫⌧ flux at the surface would be equal to the ⌫e flux, F which

would be entirely absorbed and would lead to regenerated lower energy ⌫⌧ flux. Thus, the bound

of 10�7 cm�2 derived in [13] on the ⌫⌧ flux within the SM framework should be reinterpreted as

0.01F < 10�7 cm�2 or F < 10�5 cm�2 within the present model. Saturating this bound, we expect

FP (⌫e ! ⌫⌧ )|�crossAcc = 10
F
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P (⌫e ! ⌫⌧ )
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where Acc is the acceptance of the neutrino telescope. Taking Acc equal to the acceptence of

ANITA, we find that the number of events can be as large as 10. Thus the ANITA events can

readily be explained with F ⇠ 10�6 cm�2.

Let us discuss the possible source for the ANITA events. To produce ⌫ with an energy of EeV,

the energy of proton impinging on the background photon and proton should be around 10 EeV.
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estimate the total lower energy regenerated ⌫⌧ flux as

F�

Z L

0
P (⌫e ! ⌫⌧ )|�cross[x]dx ⇠ 0.01F,

where F is the time integrated flux of ⌫̃1 ' ⌫e at the surface and L ⇠ 5000 � 7500 km is the

chord size. Within the SM, the ⌫⌧ flux at the surface would be equal to the ⌫e flux, F which

would be entirely absorbed and would lead to regenerated lower energy ⌫⌧ flux. Thus, the bound

of 10�7 cm�2 derived in [13] on the ⌫⌧ flux within the SM framework should be reinterpreted as

0.01F < 10�7 cm�2 or F < 10�5 cm�2 within the present model. Saturating this bound, we expect

FP (⌫e ! ⌫⌧ )|�crossAcc = 10
F

10�5 cm�2

P (⌫e ! ⌫⌧ )

0.0005

Acc

2⇥ 109 cm2
, (9)

where Acc is the acceptance of the neutrino telescope. Taking Acc equal to the acceptence of

ANITA, we find that the number of events can be as large as 10. Thus the ANITA events can

readily be explained with F ⇠ 10�6 cm�2.

Let us discuss the possible source for the ANITA events. To produce ⌫ with an energy of EeV,

the energy of proton impinging on the background photon and proton should be around 10 EeV.

13

source in a halo up to the surface of the Earth can be written as

P (⌫e ! ⌫⌧ )|�surface = 2|U⌧4|2|Ue4|2 = 4⇥ 10�3 |U⌧4|2

0.1

|Ue4|2

0.02
. (7)

The ⌫e flux produced in a source at a halo can be decomposed as ⌫e = cos�⌫̃1 � sin↵ sin�⌫̃3 +

cos↵ sin�⌫̃4. Travelling the long distance between the source and the Earth, the ⌫̃1, ⌫̃3 and ⌫̃4

components decohere. The probability of ⌫e ! ⌫⌧ after crossing the Earth will be given by

P (⌫e ! ⌫⌧ )|�cross = cos2 �P (⌫̃1 ! ⌫⌧ ) + sin2 ↵ sin2 �P (⌫̃3 ! ⌫⌧ ) + cos2 ↵ sin2 �P (⌫̃4 ! ⌫⌧ ), (8)

where P (⌫̃i ! ⌫⌧ ) takes care of the Earth matter e↵ects, absorption in the Earth and the �M
2

oscillation modes. Fig. (2) shows P (⌫e ! ⌫⌧ ) and P (⌫̄e ! ⌫̄⌧ ) from a source in a halo up to the

detector after crossing a chord of size L. To draw the figure, we have taken |U⌧4|2 ' sin2 ↵ = 0.1

and |Ue4|2 ' sin2 � = 0.02 which satisfy the present bounds [27]. The rest of the input is similar

to what is assumed to draw Fig. 1. Comparing Fig. 2 with Eq. (7), we find that the ratio of the

⌫⌧ flux at the arrival on the Earth to that after traversing chords of size 5000 km-7500 km will not

be larger than ⇠ 10. As seen in Fig 2, in this model ⌫⌧ with EeV energy can emerge and therefore

scatter to ⌧ deep inside the Earth so the spectral shape of the regenerated neutrino flux at lower

energies (i.e., the flux from ⌫⌧ ! ⌧ ! ⌫⌧ ! .... ! ⌫⌧ ) will be di↵erent from that predicted within

the SM [13]. Computing the spectral shape is beyond the scope of the present paper but we can

estimate the total lower energy regenerated ⌫⌧ flux as

F�

Z L

0
P (⌫e ! ⌫⌧ )|�cross[x]dx ⇠ 0.01F,

where F is the time integrated flux of ⌫̃1 ' ⌫e at the surface and L ⇠ 5000 � 7500 km is the

chord size. Within the SM, the ⌫⌧ flux at the surface would be equal to the ⌫e flux, F which

would be entirely absorbed and would lead to regenerated lower energy ⌫⌧ flux. Thus, the bound

of 10�7 cm�2 derived in [13] on the ⌫⌧ flux within the SM framework should be reinterpreted as

0.01F < 10�7 cm�2 or F < 10�5 cm�2 within the present model. Saturating this bound, we expect

FP (⌫e ! ⌫⌧ )|�crossAcc = 10
F

10�5 cm�2

P (⌫e ! ⌫⌧ )

0.0005

Acc

2⇥ 109 cm2
, (9)

where Acc is the acceptance of the neutrino telescope. Taking Acc equal to the acceptence of

ANITA, we find that the number of events can be as large as 10. Thus the ANITA events can

readily be explained with F ⇠ 10�6 cm�2.

Let us discuss the possible source for the ANITA events. To produce ⌫ with an energy of EeV,

the energy of proton impinging on the background photon and proton should be around 10 EeV.

ANITA anomalous  events can be readily explained.



Summary

• The       detection will play a key role in studying high energy (EeV) cosmic 
neutrino flux.

• Flavor diagonal but non-universal coupling to ultra-light DM           
maintaining the original flavor ratio at a source located within DM halo

• Relaxes the bound from ICECUBE on transient neutrino flux of  EeV
energy coming from the tau-neutrino regeneration in Earth

• 3+1 scheme with                            can open hope for  EeV from deep 
down earth despite absorption
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Dominance of  DM effects



Radiative correction

Naturalness:



Neutrino decay

Too large lifetime



Force between DM

• Repulsive force (like gauge coupling)                stable 

• Attractive force (like Yukawa coupling)             unstable

Chavanis, PRD84 (2011) 043531



Our scenario



Recent lower bounds

• Rotation curve of  nearby galaxies and dwarf  galaxies
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• Hydrodynamical simulation and Lyman alpha
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